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Noise Sources in Charge-Coupled Devices

J. E. Carnes and W. F. Kosonocky
RCA Laboratories, Princeton, N. J.

Abstract—Potential noise sources in charge-coupled devices are analyzed and
their contributions to the rms fluctuation in the number of charge
carriers in a signal packet are evaluated. The noise sources con-
sidered are (1) transfer loss noise, (2) background charge generation
noise, (3) output amplifier noise, and (4) fast interface state trapping
noise. The comparison of the relative contribution of these sources
shows that for a reasonable number of transfers (> 100) fast state
trapping should dominate the noise behavior of conventional interface
channel CCD’s.

1. Introduction

To date, most of the analytical and experimental work on charge-
coupled devices (CCD’s)' has centered around maximum achievable
transfer efficiency (), since this performance parameter is the most
important in determining the practical maximum number of stages
between signal refreshing. However, recent announcements of experi-
mentally observed 5 values® of up to 99.99% at 1 MHz have demon-
strated CCD practicality, confirmed transfer efficiency analyses, and,
in addition, resulted in increased attention to other CCD perform-
ance characteristics such as noise, which so far has received only
minimal coverage in the CCD literature.® The assessment of CCD
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noise is important in establishing the minimum size of CCD memory
elements, the noise figure of CCD analog delay lines, and the dynamic
range and low-light-level sensitivity of CCD image sensors.

CLOCKS

I R R T | &
=
X e —— —_—
I TRANSFER TRAPPING RESEY
gackgRouND T Loss FLUCTUATIONS NOISE
A
O aTion FLUCTUATIONS ;
NOISE
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NOISE .
= o

E’

Fig. 1—Cross-sectional view of charge-coupled device showing origin of
various noise sources.

This paper, which is essentially analytical in nature, discusses the
various noise sources expected in typical CCD operation. Every
effort has been made to use simple physical ideas, probability con-
cepts, and noise models, and to avoid complicated mathematical pro-
cedures. Since CCD'’s are basically charge-packet shift registers with
no gain mechanism (so that the same carriers remain essentially
intact in the same packets throughout the entire transfer process),
the rms fluctuation in the number of carriers in each packet has been
used to quantify and compare the various noise sources. This quan-
tity is denoted by N,, the rms fluctuation in the total number of car-
riers in each charge packet being transferred by the CCD.

Fig. 1 is a schematic cross-section of a CCD labeled with the
various noise sources we have considered. These sources are (1)
transfer loss fluctuations; (2) background charge generation noise;
(3) output amplifier noise, including reset noise for floating diffusion
and floating gate voltage-sensing and MOS field-effect transistor
(MOSFET) noise; and (4) fast interface state noise. It is shown
that the largest fluctuation will result from fast state trapping in
conventional surface channel CCD’s. This mechanism should limit
the sensitivity of CCD image sensors and the minimum gate area and
packing density of CCD digital memories.
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CHARGE-COUPLED DEVICES

2. CCD Noise Sources
2.1 Transfer Loss Fluctuations

For CCD’s operating in the “‘complete” charge-transfer mode a small
fraction e of the charge is left behind at each transfer. If N, is the
total number of carriers in the signal packet, then on the average
eN, will be left behind at each transfer. There will, however, be
fluctuations about this average with mean-squared value of 2¢N,,
i.e., shot noise introduced into the signal packet onee upon entering
and a second time upon leaving the potential well. If ¢ is independent
of the amount of charge being transferred, as it is for incomplete free
charge transfer and small signal fast interface state trapping losses,
the fluctuations at each transfer will be independent of one another
and the mean-squared fluctuations will add.

Both signal carriers and background carriers will fluctuate because
of this mechanism. Thus,

Nn, Transfer Loss — [2€Ng (Na + Nn,o) ] 1/2, [1]

where ¢ is the fractional loss per gate or transfer
N, is the number of gates or transfers
N, is the number of signal carriers per charge packet

N,, is the number of background carriers (“fat zero) per
charge packet.

2.2 Background Charge Generation Noise

Background charge may either be electrically generated at the input
as fat zeros to suppress fast interface state losses or it may be
generated thermally or optically via bias light. In any case, this
background charge will e noisy. If it is introduced thermally or
optically (both processes are stochastic with Poisson-distributed ar-
rival times), the variance in the average number of earriers in each
packet will ke that average number, i.e., shot noise.

N

n ,Background Charge, Thermal — (Ns.o) 2 [2]

If the device is cooled, thermal generation can be suppressed and
the background charge or fat zero may be introduced electrically at
the input with less than shot noise. If a MOSFET is used to intro-
duce background charge into the first potential well once during
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each cycle, then the analysis of Appendix 1 indicates that the rms
fluctuation would be:

Nn, Backgroumd Charge, Electrical = 400 (Cp/)1/2 [3]

where C,; is the capacitance of the potential well in picofarads.

2.3 Output Amplifier Noise

In an amplifier whose bandwidth is limited by the RC time constant
at the input, the thermal noise associated with the input resistance
is the major noise source. This resistance is in parallel with the
input capacitance of the amplifier, and, as shown in Appendix 1, the
rms carrier fluctuation at the input is given by

1
-Nn, Amp RC = — (kTC) 172 = 400 (Cp/) 172 [4]
q

However, the above analysis applies only for the case where the
bandwidth is determined by the input RC time constant. In a CCD
this is not necessarily the case. In the voltage-sensing amplifier
shown in Fig. 1, the voltage on the input gate is proportional to the
signal charge in the floating diffusion. Since the floating diffusion
is reset to a reference potential once each clock period, the band-
width is determined by the Nyquist criterian (AB =f./2) and is
not RC limited. Thus, the input resistance can be arbitrarily large
and the noise will be determined by the resetting of the floating
diffusion.

a. Floating Diffusion Reset Noise

In this voltage-sensing scheme, the floating diffusion is directly con-
nected to the gate of the output transistor, and the potential of
floating diffusion controls the output current. The floating diffusion
is also connccted to a fixed voltage source E, via an MOS channel,
which is periodically turned on to reset the floating diffusion to E,.
Alternately stated, the signal charge is removed from the floating
diffusion once each cycle by the MOS channel. Several methods for
resetting the floating diffusion are discussed in Ref. [4]. The noise
introduced by this resetting will be the thermal noise of the MOS
channel resistance in parallel with the floating diffusion capacitance.
As shown in Appendix 1, the rms carrier fluctuation will be
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~ 400 \/C,,, where C,, is the total capacitance associated with the float-
ing diffusion and amplifier input gate in picofarads.

A"n, Reset Diffusion — 400 (Cp/)]/z' [5]

b. Floating Gate Reset Noise

In the floating gate sensing scheme, a gate above the channe) oxide
can be set to a fixed potential F, through a large resistance, or reset
to E, through an MOS transistor at a frequency less than the clock
frequency. Since the capacitance between the substrate and this
floating gate C, is the series combination of the oxide capacitance C,
and depletion layer capacitance C,, it will increase when signal charge
is present. Because this gate is floating and has fixed charge, its
voltage will decrease as C, increases, i.e., when signal charge is
present at the Si-SiO, interface. The sensitivity of the floating gate
method can be comparable to that of the floating diffusion. The
floating gate is connected directly to the gate of the MOSFET
amplifier,

The noise introduced by this scheme will again be the thermal noise
of the resistance through which the floating gate is reset. This
resistance can be large enough so that the time constant RC (where C
is the sum of the floating gate and amplifier gate) is large com-
pared to the operating period of the CCD. The current through E need
only be large enough to restore charge lost by leakage. Thus, while
the thermal noise of the resetting resistor will be large up to fre-
quencies of approximately (xRC)—1, it will not be large in the band-
width of interest, and appropriate filtering will eliminate it. Alterna-
tively, if the floating gate is reset once each frame time by an MOS
transistor, the reset noise will again be below the video bandpass and
can be removed by filtering.

Thus, by this alternate approach to voltage sampling, the resetting
noise of the output amplifier can be essentially eliminated.

¢. MOSFET Noise

There are, however, other noise sources in a MOSFET amplifier,
namely thermal channel noise®* and 1/f surface noise.®! Both these
sources create fluctuations in the drain current that can be referred
back to the input as fluctuations in the number of electrons on the
input gate. As proposed by Klaassen and Prins,® this thermal noise
of the channel is equivalent to an input noise resistance R, given by

RCA Review e Vol. 33 e June 1972 331




Rn:_! [6]

where g, is the transconductance of the device and « varies between
%4 and 10 and depends upon gate and drain voltage, oxide capacitance,
and substrate doping.

The other well-known source of noise in MOSFETSs is the 1/f noise
usually associated with fast interface state trapping. 1/f noise has
a noise power spectrum proportional to 1/f and can be related to
the thermal noise if the frequency where they are equal f* is known.

— — f
Un® MOSFET = s THERMAL <1 + ?> o [7]

Klaassen® reports f” values ranging between 10¢ Hz for low current
levels to 10% Hz at high current levels. Work at this Laboratory on low-
noise silicon-gate MOSFET’s has also produced cross-over frequencies
of 10* Hz’. For many CCD applications, appropriate filtering of the
output signal can, therefore, eliminate most 1/f noise, and the input-

referred mean-squared thermal noise voltage of the channel will be
thermal white noise:

4kTABa
V2= — [8]
Ymo
Thus, the rms carrier fluctuation at the input will be
ante _
Nn. MOSFET — Vp [91
q

AB 1000 pmho\\ ] 1/2
N, sosrer = 60 Cgaee || ———— J{— [10]
5MHz Imo

where C,4,, is measured in pf.

Thus for a Cg,,, value of 0.1 pf or less, the fluctuation introduced by
the output amplifier MOSFET itself is anticipated to be negligible
compared with other sources.
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2.4 Fast Interface State Noise

Fast interface states® will generate noise in CCD’s even in the absence
of signal charge. Suppose we have a CCD that is operating either in
the bias charge* or the complete transfer with fat zero mode with
no signal input. On the average, the fast state occupation will either
remain constant for bias charge operation or fill and empty to the
same level during each period for complete transfer. On the average,
then, there will be no net loss of charge into fast states. However,
there will be fluctuations in the total number of carriers trapped at
any instant of time. These fluctuations will be reflected in the free
charge in the potential well, and hence in the output. If the mean-
squared fluctuation N2 in the total trapped charge per unit area is
independent of the free background charge levels, as it will be for
background charge levels high enough to effectively suppress fast
state losses, then the mean-squared fluctuations a particular charge
packet encounters at each gate as the charge packet transits through
the device must add. Further, the fluctuation in the number of car-
riers in the charge packet will reflect the fluctuations in the trapped
charge twice at each gate—once when the packet is transferred in
and once when it is transferred out. As shown in Appendix 2, the
N for bias charge operation is simply kTN,,; while as shown in
Appendix 3, for complete transfer operation with fat zero, it is
0.7 kTN,,.

Thus, after N, transfers, in the case of complete transfer with fat
zero, the rms fluctuations will be:

N, N, 4, 172
N, 1rap = [1.4 kTN, N,A,1172 = 670 — . [11]
101 103 1.2 X 10~6

where A, is the area of one gate in cm? and N,, is in units of
(ecm2-¢V)—1,

3. Discussion

The degree to which this analysis of CCD noise agrees with actual
CCD noise performance will depend upon the thoroughness with which
we have identified all of the noise sources. For this reason a dis-

* The bias charge mode occurs when a certain amount of charge (bias
charge) is held in each potential well continuously. The transfer-loss
noise analysis discussed earlier, however, considered only the complete
transfer mode of operation.

RCA Review e Vol. 33 e June 1972 333




cussion of why certain potential noise sources have not been included
is in order.

First, switching noise is expected to be minimal in CCD sensors
and delay lines because all switching noise will be at least twice the
maximum signal frequency and can be filtered out by various tech-
niques.?

Another possible candidate for a CCD noise source is 1/f noise
in the CCD channel. 1/f noise is a generic term used to describe noise
with a 1/f or close to 1/f power spectrum. It appears in many dif-
ferent electronic systems. 1/f noise in MOSFET transistors is often
attributed to some type of interface trapping'®" and is observed to be
proportional to the fast state density® and, therefore, might be ex-
pected to contribute in CCD’s. There is no general agreement as to
the exact mechanism which gives rise to 1/f noise in MOSFET’s.
The 1/f spectrum can be described by a set of nonconducting electronic
states, equally-populated, that can communicate with the conducting
channel with a wide range of response times r. Carriers from the
conducting channel are trapped in these states and detract from the
output charge in the ratio r/T,, where T, is the transit time of car-
riers in the channel. The 1/f spectrum then arises because fluctuations
in the long time constant states (low frequencies) contribute a greater
fluctuation in the output than short time constant states (high fre-
quencies) because of the 7/T,, gain effect. However, in CCD’s (assum-
ing complete charge transfer), the trapped charge is part of the signal
charge itself and there is no amplification or gain mechanism. Thus,
long time constant states count no more than short time constant
states and the 1/f mechanism should be absent in CCD’s.

Table 1 shows the four basic noise sources considered, the expres-
sion for N,, and finally the actual number for the rms fluctuation for
typical values of the parameters involved. Clearly, fast interface state
trapping will dominate the noise characteristics for a reasonable num-
ber of transfers (> 100). Transfer loss noise will not be a problem
provided the eN, product remains low. Even if eN, were 1 or 2, the
fluctuations would only increase to about 150 and still lie below the con-
tribution from fast state trapping. For large signal levels (N, ~ 108),
the transfer loss noise approaches fast state noise, but the signal-
to-noise ratio is correspondingly higher at the large signal levels.
Likewise output-amplifier-associated noise and background-charge-
generations noise are relatively small compared to trapping noise,
provided capacitance levels remain in the 0.1 pf range.

The degree to which the fast state trapping will limit performance
of CCD devices will depend upon the details of the specific application.
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However, the present analysis suggests that other CCD-type devices
in which transport does not occur at the interface and is not subject
to fast interface state trapping (buried channel devices') may be
desirable where low-noise performance is at a premium.

Table 1—Charge-Coupled-Device Noise Sources

Source N. Typical Values for N,

Transfer Loss [2eNg (N, + N, ) ]1/2 70

Background
Charge
Generation
Thermal or VN.. 100
Optical
Electrically- 400 VvC,, 40 C,=0.01
introduced

QOutput Amplifier o
RC-limited 400 V C,y 120 C,=0.1
bandwidth
Floating 400 VC,, 120 Cp=0.1
diffusion
reset
Floating gate filterable negligible
reset

MOSFET

AB 1000zmho 6 Cp=0.1
) ) AB=5MHz
5MHz Gmo

gme=1000pmho
Fast Interface N.. N, A, 1/2
State Trapping 670
1010 103 1.256X10—¢

i/ |

670 for 1000 transfers

N,.=1.25 X 104 N, =125 X 104 eN,=0.1
A, =125X10—8cm? N,, = 1010 (cm>—eV) —1
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Appendix 1—Carrier Fluctuations for Parallel RC Circuit

Several of the noise sources associated with the CCD involve the
thermal noise of a resistance that is in parallel with a capacitance.
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Of interest is the rms fluctuation in the number of carriers on the
capacitance. Fig. 2 shows the circuit diagram of the configuration
to be analyzed along with the noise equivalent circuit. The resistance
R is equivalent to a noise current source ¢,> = 4kTAB/R in parallel

R

0-—~w-—_[—o
IC

i 3R ==C
7 _ 4kTAB
In * T

Fig. 2—RC circuit and noise equivalent circuit.

with R. The voltage fluctuations across the RC network will depend
upon its frequency characteristics. The mean-squared noise voltage
per unit bandwidth is given by:

1,°
vl= GE [12]
where
1
G:E-i‘]'wc [13]
1
[G|‘~’=—2 (1 + w2R2C?2). [14]
R

The total mean-squared noise voltage will be the integral over fre-
quency of v,%:
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1
w o — do
. 4kT EC
V,,2:/v—"'-'df= / —_——, [15]
2xC 1
0 0 + w2
R2C2
Since the integral is just =/2,
kT
V_,F = — [16]
C

The rms carrier fluctuation is then:

1 1
N, = —CV, =— (kTC)1/2 = 400 (C,) 2. [17]
q q

Note that while the resistance is the source of the fluctuations, its
value does not affect the total carrier fluctuations. This is so because,
while larger values of R increase the mean-squared noise voltage per
unit bandwidth, they decrease the effective bandwidth by the same
factor. A large capacitance reduces the bandwidth by 1/+/C, thereby
reducing the noise voltage, but increases the number of carrier
fluctuations for a given rms noise voltage by C; thus the \/C
dependence.

Appendix 2—Steady-State Mean-Squared Fluctuations in Number of
Carriers Trapped in Fast Interface States

A. van der Ziel®® has derived the probability distribution of the number
of carriers in the conduction band of a semiconductor P(N), where the
probability of an electron being generated in the time dt is g(N)dt
and the probability of an electron recombining in time dt is r(N)dt
(dt is small enough that multiple electron processes are negligible).
The derivation is quite general and assumes that g and r are functions
only of N, not of time. Thus the results apply for any collection of
particles whose number changes only via the probabilities ¢ (N) and
r(N).

Van der Ziel shows that the most probable value N, will satisfy
the following condition:
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9(N,) =7r(Ny+1) =r(N,), for large N,,. [18]

Also, the mean-squared fluctuation about N, is given by

dN: = —

g(N,)  r(N,+1)

e ,  [19]
7 (N,)—g'(N,)

[ g'(N,) V(No+1)J -1 g(N,)

where the primes denote differentiation with respect to N.

To apply these results to find the fluctuations of the total number
of trapped carriers under steady-state conditions, we must identify
g(N) and r(N) for incremental energy intervals d& and then inte-
grate Eq. [19] over the bandgap to determine the total mean-
squared fluctuations.

The kinetic equation that has been assumed to describe changes in
occupation of fast states in energy interval d& located & below the
conduction band is given by®

d &
- (nned(g) = klna(Nu_k:Znudé €xp nu)dé _{_ _} ’ [20]
dt kT

where n,, is the number of occupied fast states in (ecm?—eV) -1

N,, is the density of fast states in (cm*—eV)—1
k, and k, are constants (k; ~ 10—2, k, ~ 10")

n, is the density of free carriers in the conduction band (as-
sumed constant)

Eq. [20] assumes that =, is large enough that the number of
carriers removed by trapping is small compared to n,. Thus n,d&
corresponds to N and

9 (g, 0E) =k ny(Ny — 1,) dE [21]
{ : }
r(ngdS) = konydS exp 4 ——»> . [22]
kT

Here, generation corresponds to the trapping of a free carrier from
the conduction band, and recombination corresponds to emission of a
trapped carrier into the band.
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The most probable value n,° is given by

Nll
Mgy’ = ’ [23]
60—6}
1+ exp
kT
where
k,
6o =kTIn < > . [24]
klns

Using Eq. [19], the mean squared fluctuation in each energy interval
d§ is given by

Ee—8E)

N, d& exp
klnsd(g (N,,—n,,“) kT
d(ON?) = = [25]

Fr =)
koexp < — — 1 + kym, 1 4+ exp
kT kT

Eq. [25] expresses the fluctuations in each interval d& only, and the
total mean squared fluctuations N2 is the integral over the forbidden

gap:
Eo—6
E N, exp dé
kT
Ni= fd(W):f P [26]
T e 5]
kT

Assuming N,, is uniform in energy, £o/kT >>1 and £,—E/kT > 1,
and using the substitution u = exp {(£¢—¢&)/kT}, we have

du
NZ=kTN,, | ———— =kTN,,. [27]
1+ u)?2

Thus, for steady-state conditions, the mean-squared fluctuation in the
number of trapped carriers is simply kTN,, per unit area.
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Appendix 3—Mean-Squared Fluctuation of Trapped Carriers
in Complete-Charge Transfer Mode with Fat Zero

For the complete charge transfer mode of CCD operation, the mean-
squared fluctuation in the total number of trapped carriers N2 is no
longer given by the steady-state value kTN,,. A different approach
must be used to find the fluctuations in the number of trapped car-
riers. During the transfer-in-period, —1/2f < t < 0, with the fat zero
present, the fast states fill to the level

1 1°
naa(o) = Mg <'_' _> als [naa(w) — Ny <"" —>J (1 — €Xp {_fo/f}) [28]
2f ) 2f

where 7,,(t) is the density of occupied fast interface states in (cm?2
eV)—land f, = kn,,/2. In the time from 0 to 1/(2f), the transfer-out
period, the occupation decreases toward n,, [1/(2f)] which must be
on the average the same as n,, [—1/(2f)].

The probability that any state will empty in time d¢ is dt/r times
the probability that it is still filled, exp {—¢/7)} [r is the empty time
given by (1/k;) exp {&/kT}]. Thus the probability that a state will
empty in time 1/(2f) is given by

1
2/

dt t 1
___/_exp{_—}:l—exp{——}. [29]
. o 2fr
L1}

So, at t = 0, at each energy interval d&, there are n,,(0)d¢€ states
filled. They each have probability p =1 — exp {—1/(2f7)} of empty-
ing by time 1/(2f) and probability ¢ =1 — p of not emptying. This
is an example of Bernoulli trials* with n=n,(0)d&, p=1—exp

{—=1/(2fr)}, and g =exp {—1/(2fr)}. The average number of states
that have emptied at ¢t =1/(2f) is

Average Number of States to Empty = pn
= [1 —exp {~1/(2f7)}]n,,(0)dE.

The variance, or mean-squared fluctuation about this average, is
Variance = pgn = n,,(0)d& [1 —exp {—1/(2f7)}] exp {1/(2f)}.  [30]
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The total mean-squared fluctuations in the number of trapped car-
riers at ¢t =1/(2f) is the integral of Eq. [30] over energy

&
N7 = [n,00d€ 11~ exp (~1/ 2} exp (1/(217))
0
&
/ [1 — exp {1/(2fr)}] [1 — exp {~f,/}]
= [ Ny (0)dE .
exp {1/(2f7)} — exp {—f,/f}

[31]
0

N, (@), the steady-state occupation with the fat zero present,
can be replaced by N,, in this integral because the factor [1 — exp
{—1/(2f7)}] exp {—1/(2fz)} is a sharply-peaked function at energy
Ep =kTIn [ko/ (2fIn2)]. () is just N,, times the Fermi function
with quasi-Fermi level kTIn [k./(kyn,,)]. Only for n,, values less
than approximately 10° will n,,(«) have a value less than N,, at Ep-

Even with this approximation, the integral in Eq. [31] cannot be
evaluated in closed form, but a series solution is possible. By making
appropriate substitutions, Eq. [31] can be written

h
(1 —2)de
N2 =kTN,,(1 — exp {_fo/f})/ [32]
[1—zexp{—f,/f}]1Inx

2

where

—ky
l,=exp }
2f
ko &y
l=exp{——| exp{ —— .
2f kT

By expanding (1 —x exp {—f,/f}) ! as a series, we have
. fo
Iy (-1)if rexp<——13J
» f

NZ=kTN,,(1 — exp {_fo/f})/dx [ 2

Jum( Inx

i

fo 1V
(—1)’<exp {— —}) xf+1
® f

=0 Inz

[33]
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This can be further reduced to a sum of logarithmic integrals li(y)
where

’ dx
lity) = 5 1341
Inzx

0

which results in the following form:

i+1
a0
NZE=kTN,(1—e—//) > (=1)I=1 (e~Ie/1)i=1]n — |. [835)
=1 7
e —
IOG':- -E
N o :
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171,

Fig. 3-—Mean-squared fluctuation in total number of trapped carriers

versus normalized frequency for complete charge transfer mode
with fat zero.

Fig. 3 shows N, as a function of f/f, for N,, =101, Above f/f,=1
the fluctuations fall off as f/f,. However, below f/fo =1, they are con-
stant at kTN,, In 2. Since as discussed earlier, f/f, values must be less
than 1 in order to suppress interface state losses, the mean-squared

fluctuations due to fast state trapping in the complete charge transfer
mode will be 0.7kTN,,.
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A Solid-State Transponder Source Using
High-Efficiency Silicon Avalanche Oscillators*

J. F. Reynolds, J. Assour, and A. Rosen
RCA Laboratories, Princeton, N. J.

Abstract—An all solid-state transmitter source using high-efficiency high-power
silicon avalanche diodes is described. The small size (4 X 2 X 2.5
inches), frequency stability over a wide temperature range, and duty-
cycle capability make these sources compatible with the requirements
of military and commercial transponder systems. Sources operated at
L-band in the transponder maximum pulse-reply code have delivered
up to 350 watts,

Introduction

High-efficiency, high-power silicon avalanche diodes properly tuned in
a variety of L-band microwave cavities"® have delivered pulsed power
levels up to 1.2 kW peak with efficiencies reaching 45%. Their long
operating life,* frequency stability over a wide temperature range
(—=50°C to 120°C), high duty cycle capability, and low-cost fabrication
make them compatible with the requirements of military and com-
mercial communication systems. In this paper, the development of a
prototype source for IFF transponder application is described. The
source, shown in Fig. 1, consists of a pulsed high-efficiency silicon

* Partially supported by the U.S. Air Force Avionics Laboratory under I
Contract No. F33615-67-C-1981.
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TRANSPONDER SOURCE

avalanche oscillator, a TEM coupled-bar microwave circuit, a tran-
sistorized modulator, and a ferrite circulator-isolator. It has been
operated at L-band in the maximum pulse-reply transponder ecode and
has delivered up to 350 watts peak.

F———————————— A

l I
PULSE : SOLID STATE |
N .MODULATOR REMICE |

|| CAVITY ||
E_J_.__' I | _RF

| OUTPUT

ISOLATOR

| I

| |

| U J

Fig. 1—Schematic of Transmitter module.

Characteristics and Fabrication of Avalanche Devices

The high-efficiency avalanche devices are narrow-base p+-n-nt or
(n+-p-pt+) silicon diodes designed for L-band frequencies. Te operate
in the high-efficiency, high-power avalanche mode, the diodes are
reverse-biased beyond their breakdown voltage by the applieation of
high-current-density pulses.® During the plasma formation, the diode
must sustain critical field values of about 3 X 105 Vem—1, and respond
to peak current densities of the order of 10,000 Acm—2. To prevent
premature microplasma breakdown and burnout, the diodes were
fabricated with minimum crystallographic defects and very low
thermal resistances.

To prepare the devices, phosphorous-doped n-layers were first
grown by epitaxy on antimony-doped <111> or <100> n+ substrates.
The resistivity, thickness, impurity distribution, and crystallinity of
the epitaxial layers were characterized, and only good quality n-layers
were further processed. pt-n junctions were formed by diffusing
boron into n-layers to achieve heavily-doped shallow pt-layers without
defects due to dopant precipates. Low-temperature silicon dioxide films
doped with boron were used as the diffusion source. The silicon diodes
have a p+-layer typically 4 pum wide with an average resistivity of
0.01 ohm-cm. The n-layer width was varied from 3.5 to 6 pm with a
resistivity of about 7 ohm-cm. Typical impurity distributions deter-
mined by capacitance-voltage measurements for the active n-layers
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Fig. 2—Typical doping profiles of avalanche diodes.

are shown in Fig. 2. Dijodes with abrupt, hyperabrupt, and graded
junctions were fabricated and operated successfully.

To adequately dissipate the heat generated in the p+-n junction
during high-duty-cycle operations, the diodes were flip-chip bonded to
a copper heat sink. This is a thermocompression bonding technique
and has been developed as an integral part of the fabrication process
of these devices as discussed in detail elsewhere.® A typical structure
of the device is shown in Fig. 3. The thickness of the semiconductor

Au
—Ti
30um N*
¥
gsem [ N\

4pm 1 P+ Ti
t OO NANNANNN NN Av
B A N

S500um Cu

Fig. 3—Cross-section of high-power Trapatt diode with integral copper
heat sink.
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and metallic layers were minimized to reduce the lotal thermal resist-
ance. This bonding technique has yielded measured thermal resistance
values R,, = 6.5 (°C/W) for 0.020-inch-diameter diodes and R, =9.7
(°C/W) for 0.010-inch-diameter diodes.

To obtain large output powers, several diodes were mounted in a
multichip package designed to connect the devices in series electrically
and thermally in parallel on a BeO substrate as shown in Fig. 4.
Packages of this type have delivered 650 watts at 1090 MHz with 20%
efficiency.

|.l ! | = ._
e “‘ .
_—

| INCH

[l -
— 1

Fig. 4—Photograph of miltiple chip package. Four copper-mounted diodes
are shown connected in series electrically.

Transmitter Design
RF Circuit

For high-efficiency operation a multi-resonant circuit was designed to
support harmonic frequencies through the nominal IMPATT frequency
of the diode (low X-band). These harmonic frequencies are necessary
to trigger the initial plasma formation and to sustain the high-
efficiency operation. The circuit must also provide an optimum im-
pedance matching at the fundamental oscillation frequency (1090 MHz)
for maximum output power. The coupled TEM-bar circuit shown
schematically in Fig. 5 satisfies these requirements. Practical circuits
in conventional stripline configurations have been built which occupy
al x 7/8 X 2 inch volume. In addition, the circuit has been also fabri-
cated” in a microstrip configuration for high-reliability performances.
As shown in Fig. 5, the circuit consists of two bars of length L = A/8
that are positioned between appropriate ground planes. The bars are
terminated in variable capacitors (C;, Co, Ci, C,). These capacitors
provide the tuning necessary for harmonic loading. Single devices
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operated in this type circuit have yielded over 200 watts with 40%
efficiencies.

To improve the performance for a wider range of devices, the
circuit concept proposed by Evans® was investigated. This consists of
positioning the device at a distance approximately A/2 from a low-pass
filter and matching section. This was accomplished with the bar circuit

o
IDLER BIAS

!2 Fo—-==- 1
= C5 / ------ i Ill‘tnr BY-PASS

=,

Zg=500

Fig. 5—Schematic of coupled TEM bar circuit.

by simply repositioning the device A/2 away from its original position
with a 50-ohm coaxial line. Also, an additional tuner for the IMPATT
frequency was incorporated in the 50-ohm line near the device. With
this circuit, over 220 watts with 469 efficiency was achieved.

Modulator

To achieve a practical and self-contained transmitter source, a solid-
state pulse modulator was developed for biasing the silicon diodes into
avalanche breakdown. The modulator is capable of delivering voltages
up to 500 V, currents up to 10 A, and fast pulses with rise times on
the order of 50 nsec.

In order to achieve the desired voltages and currents, a de bias
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Fig. 6—Pulser circuit.

scheme was employed.® With this technique, the diode is continually
reverse bias below breakdown with a de voltage and then pulsed into
the high-efficiency mode with a fast-rise pulse. This pulse is supplied
by a driver circuit that consists of a high-voltage, high-current tran-
sistor switeh. A schematic of the basic driver is shown in Fig. 6, and
the full modulator is shown in Fig. 7. The modulator has also keen
designed to operate over a temperature range of —54°C to +125°C in
the full transponder burse mode at 19, duty cycle.

The characteristics of the high-efficiency mode of operation of
avalanche diodes introduce another problem to the modulator design,
that of modulator efficiency. All pulse schemes that are presently used,
including the modulator described above, employ a flat-top pulse whose
amplitude is equal to or greater than the breakdown voltage of the
diode. When the device is operated in the high-efficiency mode, how-
ever, the voltage across the diode drops by 30% to 50%. This excess
voltage must be taken up by the output impedance of the pulser. In

v,

!'IAS

R 1

O

BASIC Cs

oRriveR [  §Fu —=T0 LoAD

Fig. 7—Diagram of modulator for avalanche diodes.
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the case of the modulator shown in Fig. 7, this is done by R,. The
efficiency of the modulator is then only 50% to 70%. This is a serious
drawback in system applications and overrides one of the inherent
advantages of the diode.

The approach that can be used in increasing the modulator effi-
ciency is to make use of the property of the diode that leads to the
problem in the first place, the drop in operating voltage once the diode
goes into the high-efficiency mode. Instead of using a conventional
flat-top pulse, the general idea is to use a pulse shape similar to that
shown in Fig. 8. The pulse consists of a narrow high-voltage spike

Fig. 8—Output waveform for ideal modulator for Trapatt diodes.

followed by a much longer low-voltage portion. The high-voltage spike
serves to break the diode down and then switch it into the high-
efficiency mode. When this occurs, the diode voltage drops to V,,, and
at the same time the pulse voltage is dropped to V.. The diode is
then sustained in the high-efficiency mode by a voltage V,,,, that is
only slightly greater than its operating voltage. Only a small series
resistor is required and, since the high-voltage spike is of very short
duration, the modulator efficiency approaches 100% and the overall
system efficiency (modulator plus diode) becomes almost equal to the
diode efficiency.

Modulators of this design have been successfully designed and
tested. These modulators achieved between 80% and 90% efficiency
when operating with avalanche diodes. This was only for single-pulse
operation, and the design has not yet been adapted for operation in
the pulse burst mode. It demonstrated, however, the feasibility of
the approach and that it should be considered for use in refined
versions of the transmitter modules.
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Circulator

A commercial miniature circulator/isolator is used to prevent fre-
quency pulling with VSWR changes. It has been found that an
isolator with 20 dB isolation is sufficient to keep frequency changes
below 1 MHz for VSWRs up to 2.0:1. A photograph of a complete
experimental unit is shown in Fig. 9.

PULSE
MODULATOR CIIQ%L&Q%%?/

puLsl IN

DEVICE /CIRCUIT

Fig. 9—Complete transmitter source.

Transmitter Performance

The results reported here have been obtained for sources operated at
L-band in the maximum pulse-reply transponder code. Typical output
power from sources containing a single avalanche diode varied from
120 to 150 watts. Sources containing three diodes in series have
delivered up to 350 watts. Typical detected rf output, biasing current,
and spectral output are shown in Figs. 10 and 11 for a 150-watt unit.
The rise time of the rf output pulse is typically 50 nsec, while the
leading edge jitter is less than 50 nsec. Note that the rf pulse follows
closely the shape of the current pulse. The power variation over the
length of the fourteen pulse train is 0.5 dB. The frequency variation
is typically 1 MHz.

A summary of the results of system evaluation tests* on three
* Test data courtesy of Hazeltine Corporation, Plainview, New York.
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(100w /DIV.)

CURRENT
(5 AMP/DIV)
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(a)

RF OUTPUT
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CURRENT
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TIME (1 uSEC/DIV.)
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Fig. 10—Photograph showing operation of 150-watt Trapatt diode under
pulse-burst conditions.

typical units is given in Table 1, The performance of the third unit
as a function of temperature is given in Table 2 and Fig. 12. As can
be seen, the total frequency variation is 7.7 MHz and the power varia-
tion is 1.2 dB.

10db/DIV.

A i !
B Tl-‘
3MHz/DIV.
Fig. 11—Photograph showing pulse operation of 150-watt Trapatt diode.
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Table 1—Test Data on Transmitter Sources. (Unless otherwise noted, all
readings are for a train of 14 pulses, each 0.45 ps wide and spaced
1.45 us; at room ambient temperature, altitude, and humidity; at
nominal power supply voltages; at a 0.19o duty cycle and into
a 50-ohm load.)

Basic Characteristics Specification Limits Readings

A. Power Output

First Transmitter 29.0-31.0 dBW 25.6 dBW
Second Transmitter 29.0-31.0 dBW 21.0 dBW
Third Transmitter 29.0-31.0 dBW 22.2 dBW

B. Output Frequency
Second Transmitter

First Pulse 1090.0+3 MH:z 1121.74 MHz

Last Pulse 1090.0=3 MH:z 1120.78 MHz
Third Transmitter

First Pulse 1090.0=3 MH:z 1209.69 MHz

Last Pulse 1090.0=3 MHz 1208.19 MHz

C. Droop across train

First Transmitter 1.0 dB (max) 0.4dB
Second Transmitter 1.0 dB (max) 0.5dB
Third Transmitter 1.0 dB (max) 0.7dB
D. Pulse Characteristics
Second Transmitter:
Width (Widest Pulse) .35-.55 ps .50 us
(Narrowest Pulse) .35-.55 s 48 us
Rise Time .05-.10 ps .05 us
Fall Time .05-.20 s .04 us
Third Transmitter: '
Width (Widest Pulse) .35-.65 us 0.5 us
(Narrowest Pulse) .35-.55 us 0.5 us
Rise Time .05-.10 us .04 ps
Fall Time .05-.20 s .04 ps
E. Jitter
Second Transmitter 0.1 s (max) 0.11 us
Third Transmitter 0.1 #s (max) 0.02 us

F. Pulse-to-Pulse Movement (Effect on pulse in train
when pulse preceding it is removed)
Second Transmitter

Change in position -0-

Change in width -0-
Third Transmitter

Change in position -0-

Change in width -0-

G. VSWR Effects (1.5:1)
Third Transmitter

Power Range 28.0 dBW 20.0-21.6
Frequency Range 1090.0=3.0 MHz 1209.48-1210.25
H. Transmitter delay
Second Transmitter 1.5 s (max) 0.2 s

I. Efficiency
Second Transmitter
Device & Modulator 7.6%
Device only 23

J. Input Voltage Variations

Second Transmitter none
Vs none
Bias Could not
+21 (Modulator) exceed +22 volts
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Conclusion

Solid-state transmitter sources using high-efficiency, high-power sili-
con avalanche diodes have been developed to meet the requirements of
military transponder systems. Output powers of 850 watts have been
obtained from multiple diodes in a coupled-bar circuit. Presently,
complete transmitter sources with output powers ranging from 100 to
350 watts have been developed using single and multiple chips.

2 ! | I |

N
N
[ T
/
|

OUTPUT

FREQUENCY(MHz) PWR(dBW)

N
38 N

— FIRST PULSE
o]
% 12104 .
o LAST PULSE
1200 | | [ [
-50 -25 0 25 50 75
TEMPERATURE(°C)

Fig. 12—Temperature characteristics of diode module.

While significant progress was made towards developing silicon
avalanche diode sources for use in IFF transponders, work remains
to be done in several areas to improve overall performance. These
areas include, first, improvements in diode thermal properties in order
for the diode to reliably operate at 125°C at 1% duty cycle in the pulse
burst mode. Second, improvements in the rf circuit can be made in
order to increase rf conversion efficiency and environmental stability.
Third, work on diode, package and circuit redesign can be done to
improve pulse jitter. Although the performance of the present units
is well within specification limits for this system application, further
reduction in pulse jitter would increase the usefulness of the source.
Fourth, additional effort on the modulator is required in order to
improve efficiency, reduce current droop across the burst, and, thereby,
increase frequency stability and reduce cost.
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Negative Resistance in Cadmium Selenide
Powder—Comparison of Experiment
and Theory

L. J. Nicastro
RCA Advanced Technology Laboratories, Camden, N. J.

E. L. Offenbacher
Temple University, Philadelphia, Pa.

Abstract-—Cadmium selenide powder, after the incorporation of copper and
chlorine impurities, exhibits negative resistance behavior when the
voltage applied across a sample exceeds a certain threshold value.
This threshold voltage is reduced when visible or near infrared light
is incident on the sample. Experimental results for the variation of
the threshold voltage (V,,) with light intensity (I) and frequency are
reported in this paper. A theoretical model is described in which the
threshold voltage is related to the incident light intensity, the absorption
coefficient, the quantum efficiency for radiative recombination of cur-
rent carriers, the mobility and recombination lifetime of conduction
band electrons, and the thickness of the sample. The prediction of this
model for the dependence of V,, on | is in good agreement with the
experimentally observed behavior.

1. Introduction

Pure cadmium selenide (CdSe) is an insulator with a bandgap energy
of 1.7 eV. Negative resistance in the current-vcltage characteristic
of CdSe powder was first reported by Nicoll.! The effect is observed
only after copper and chlorine impurities are added to CdSe powder
through a series of specialized processes described by Hinnemkamp.?
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When the voltage applied across a sample of this CdSe powder
cxceeds a certain threshold value, V,,, negative resistance is observed
as an abrupt increase in current while the voltage across the sample
decreases. This threshold voltage is reduced by irradiating the sample
with visible or near infrared radiation.! Smith® also observed that
after the threshold voltage has been exceeded, the material emits
radiation equivalent to the tandgap and lower frequencies. Based on
the model described below, this emission of light is due to radiative
recombination of conduction-band electrons both with unfilled acceptor
levels and with holes in the valence band; the reabsorption of part of
the recombination radiation within the material provides excess elec-
trons to the conduction band. When external light is incident on the
sample the production of excess electrons in the conduction band is
enhanced, and thus the threshold voltage is reduced.

The results of an experimental investigation of the variation of
threshold voltage with light intensity and frequency are presented in
this paper. The results for CdSe powder are best interpreted by
using a model based on the rate equation for the production of excess
clectrons in the conduction band in conjunction with the following
assumptions. (1) The initial current density is proportional to the
first power of the voltage. (2) The quantum efficiency for radiative
recombination of current carriers is an increasing function of the
current density. (3) The effective current density consists of the sum
of the pre-breakdown current and a linear photocurrent generated by
the absorption of electron—hole recombination radiation.

The above model is very similar to the model first described by
Dumke*® and extended by Weiser® to explain the negative-resistance
characteristic in single-erystal GaAs p-i-n junctions. It differs only in
that they assumed a quadratic dependence of the pre-breakdown cur-
rent on voltage, while a linear dependence of pre-breakdown current
on voltage gives the best representation for the experimental results
with CdSe.

The variation of threshold voltage with frequency, which can be
ascribed to the frequency dependence of the absorption coefficient of
CdSe, also has keen investigated. A detailed description of the fre-
quency effects will appear elsewhere.

2. Weiser’s Theory of Negative Resistance
2.1 Weiser's Model

An ecnergy diagram of the model on which Weiser based his theory
is shown in Fig. 1. The n and p regions are considered to be heavily
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Fig. 1—Impurity scheme of p-p°-n material. E. and E. are the edges of
the conduction and valence bands. The dashes signify ionized
donors, dotted circles signify acceptors ionized by electrons, and
the open circles correspond to acceptor levels that are not ionized.
The n and p regions are heavily doped.

doped, and the high-resistivity central region (the p°® region) is
assumed to be lightly doped p-type. It is also assumed that the width
of the p° region is many times the diffusion length of either electrons
or holes. In Weiser’s theory, the negative resistance is brought about
as follows. Under the positive bias voltage illustrated in Fig. 2, the
electrons that traverse the high-resistance region combine with holes
near the p°-p boundary. This recombination is partly radiative and
some of the emitted light is absorbed in the p° region, creating eclec-
tron-hole pairs. Because of the prescnce of the negatively charged
centers, which are presumed to have a large capture cross section for
holes, the holes are immobilized, and do not contritute to the conduc-
tion process. Therefore, the result of each absorption in the p° region
is to provide an additional electron to the conduction band and to
produce a hole bound to a previously filled acceptor site. Until this
hole decays, the additional electron in tle conduction tand contributes
to the conduction process. Together with the injected clectrons, the
photogenerated electrons flow to the p°-p interface, recombine in part
radiatively, and hence create more elcetron-hole pairs. Thus, a re-
generative process sets in if the quantum efficiency for radiative
recombination is high enough and the field is strong enough so that

= n p° p +
— * o 9 . '. Ec
@0000E0
00 OO0 — £

Fig. 2—p-p°-n material with voltage applied.

RCA Review e Vol.33 e June 1972 359




new electrons can be created in the p° region at a rate faster than
that at which they decay. Furthermore, the process leads to a negative
resistance, as opposed to a simple feedback process, only if the quantum
efficiency is an increasing function of the current at the beginning of
the process. Under these conditions, the regenerative process can
continue at lower and lower voltages as the quantum efficiency in-
creases. When the quantum efficiency reaches a constant value, the
process stops, and the dynamic resistance becomes positive again.

2.2 Mathematical Analysis of Weiser's Mode! with Constant
Quantum Efficiency

The current—voltage relation at forward bias for the n-p°-p structure
of Fig. 1 was treated theoretically by Ashley and Milnes.” They
determined that the pre-breakdown current—voltage relation across
the pe layer is

j=aV? [1]

where j is the current density, V is the voltage across the p° layer
(the total voltage across the material minus the voltage across the
n-p® junction), and a is a constant of the material. The current is
carried by electrons and holes flowing toward the p°-p junction (see
Fig. 2), and some of the electrons that reach the pe-p interface re-
combine radiatively with the holes of the p region. The flux density,
f, of photons produced by radiative recombination is given by

f=—, (2]

where vy is the internal quantum efficiency for radiative recombination
(=£1) and e is the electronic charge. A fraction ¢ of these photons
are absorbed by filled acceptors of the p° region, producing conduction
electrons and holes bound to the acceptors. The rate of production of
excess electrons per unit volume, An, is

d(An) s An
Sy [3]
dt L T

where L is the thickness of the p¢ region and r is the recombination
life-time of conduction electrons. In Eq. [3], the first term is the rate
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of absorption of recombination photons in the p°-region and the second
term is the rate of decay of excess conduction electrons. On combining
Egs. [2] and [3], the rate at which excess electrons are produced is
given by

d(an) ¢y An
dt Le T

where y(j) implies that the quantum efficiency is a function of the
current density.

If, at time zero, the current is that given by Eq. [1], the presence
of the extra electrons produced by the absorbed recombination radi-
ation will add an ohmic component to the current, since the extra
holes are assumed to be immobile. The total current density will then
be given by

AnepV
j=avty ——, (5]
L

where p is the electron mobility. On substitution of Eq. [5] into Eq.
(4], the rate equation becomes

d(An) oy (1) v An
= aVi+Anep— | ——. [6]
dt Le L T
For the case of constant quantum efficiency, Eq. [6] reduces to
d(An)
=R+ k An, (7]
dt
where
$yaV?
Le ,
and
vV 1
L2 T

The solution of Eq. [7] is well known, and is such that An —> 0 as
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t—> oo if k> 0, and An will reach a steady state value as t — « if
k <0. For k > 0, excess electrons are produced at a rate faster than
that at which they decay; for k < 0, the rates of production and decay
of excess electrons approach the samec constant value. From the defi-
nition of k, when k = 0, the critical voltage V, is found to be

L2
Vc = . [8]
dyur

For voltages higher than V, (i.e., k > 0), a regenerative process sets
in. However, this regenerative process does not lead to a negative
resistance, since it cannot be maintained at lower and lower voltages.
Instead, a sufficient lowering of the voltage only leads to the case of
k<o.

23 Derivation of the Dark Threshold Voltage

The more general case of letting the quantum efficiency be a function
of current density is carried out by using the simple form of depend-
ence of y on j suggested by Dumke,® that is,

2
y=—"". [9]
i+b
Substituting Eq. [9] into Eq. [4], the rate equation becomes

d(an) by .52 An
= - [10]
dt Le (j +b) T

The solution of Eq. [10] is greatly facilitated by assuming that at
the threshold of negative resistance, the quantum efficiency depends
strongly on the current density so that Eq. [9] is adequately approx-
imated by

2

b

Using the above assumption, and Eq. [5] for the current, Eq. [10]
becomes

d(An)  ¢ya V\2z an
= aVi+Anep— | ——0o , [12]

dt Leb L T
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or
d(An)
=u(An)2 4+ vAn+ w, [13]
dt
where
droe n2V2
= [14]
bL3
2 ¢pya pnV3 1
g T [15]
bL2 T
PyLa?V4
w=—— [16]
Leb

Integration of Eq. [13] gives two types of solution, depending on
whether

g = (duw — v2) [17]

is greater or smaller than zero. The solution for ¢ < 0 has the form

1 2uAn+v— V—q v—\V—q
H= log — log _

vV—q 2uln+ v+ V—gq v+V—q

[18]

For this solution, as ¢ goes to infinity, An approaches a steady-state
value equal to (—v —\/—¢)/ (2u); hence, the solution of Eq. [13] for
g < 0 does not lead to any drastic increase in current with time.

The solution for ¢ > 0 has the form

2 2uAn 4+ v v
tan-1 —— — tan—!

Va Ve Va

t= [19]

In this case, An goes to infinity as { - «; hence, the solution of Eq.
[13] for g > 0 leads to a regenerative process that produces a neg-
ative resistance in the presence of an external series resistance. For
the condition g = 0, a threshold voltage can be derived using Eqgs. [14]
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to [17]. The result is

bl2 1/3
Vi = <——> [20]
ddy,apT

The physical meaning of the above results may be described as follows.
Below the threshold voltage of Eq. [20] (i.e., g <0), the generation
and decay rates of excess electrons approach the same constant value,
and therefore, a steady-state current is reached. When the threshold
voltage of Eq. [20] is exceeded (g > 0), the generation rate of excess
carriers is greater than their decay rate, so that the current rises with
time. From Eq. [9], however, a rise in current leads to an increasing
quantum efficiency; from Eq. [6], as the quantum efficiency increases,
the voltage necessary to maintain the critical generation rate can be
reduced. A negative-resistance region sets in, and continues until the
quantum efficiency becomes constant, that is, when the critical voltage
of Eq. [8] is reached.

2.4 Derivation of the Threshold Voltage for External Illumination

Since the negative resistance is brought about by the generation of
electrons in the pe region by light given off at the p°-p boundary, it
is expected that external illumination would tend to lower the threshold
voltage. Again making the assumption that the light is uniformly
absorted in the p¢ layer, the rate equation may be written to take
into account the presence of external illumination of intensity I. Thus,
Eq. [4] becomes

d(an) v (7) An
= j——+al, [21]
dt Le T

where I is given in photons/cm?/sec, and « is the absorption coefficient
(em=1) of the p° region. Using Eq. [11] for the quantum efficiency,
and Eq. [5] for the current, Eq. [21] becomes

dt Leb

aV2+Anep— | ——+al, [22]
L

T

d(an) ¢ym< V>2 An
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or

d(An)

=u(An)2 4+ v(An) +w+ al. [23]
dt

Setting

w=w+al, [24]

integration of Eq. [23] gives two types of solution, depending on
whether

q = (4 uw'—v2) [25]

is greater or smaller than zero. The analysis of the two solutions is the
same as that given in the previous section.

The critical value of voltage, (threshold voltage, Vi, ,) with light
of intensity I incident on the material is obtained by setting ¢’ = 4uw’
—? equal to zero, and by using Eq. [24] for w” and Egs. [14] to [16]
for u, v, and w. The relation between V,,(; and I is found to be

bL? ddy,nra (Vipg)?
I = 1-— . [26]
4 ¢dyqe p? 7 (V)2 bl.2
Making use of Eq. [20], and
T =aVy? [27]

which, from Eq. [1], is approximately the current density at the dark
threshold voltage, Eq. [26] reduces to

)

1-— [28]
Vth

This expression relates V,,;,, the threshold voltage in the presence of
external illumination, to I, the incident light intensity. It may be
observed that V,,,, is proportional to /=172 in the case where the light
intensity is high enough so that the threshold voltage is reduced con-

siderably, that is, when the term in brackets in Eq. [28] can be
neglected.

Vaadn L
1= 2

aepTt (V‘h”))z
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The physical meaning of Eq. [28] may be described as follows.
When external illumination of intensity I is incident on the material,
and when the voltage applied across the material is less than V),
then ¢’ <0, and the generation and decay rates of excess electrons
approach the same constant value. Therefore, the current approaches a
steady-state value. When external illumination of intensity I is incident
on the material, and when the threshold voltage, Vs, of Eq. {28] is
exceeded, then q’ > 0, and the generation rate of excess carriers is
greater than their decay rate, so that the current rises with time.
From Eq. [9], however, a rise in current leads to an increasing
quantum efficiency; hence, the voltage necessary to maintain the critical
generation rate can be reduced. A negative-resistance region sets in,
and continues until the quantum efficiency becomes constant. Eq. [28]
is an extremely important result, since it provides a simple method of
comparing theory with experimental observations of negative resistance.

3. Dependence of V., on |—Variations in the Current Equation and
the Quantum Efficiency

The results of Weiser’s theory were derived using Eq. [21], the rate
equation for the production of excess electrons; Eq. [11], an approx-
imate dependence of quantum efficiency on current; and Eq. [5], the
current equation,

j=aVi4y ——. {5]

In Eq. [5], the first term corresponds to the pre-breakdown current
in the material. Weiser sclected a square-law dependence for the
pre-breakdown current, aV2, because this type of current-voltage char-
acteristic occurs in the model he investigated. The second term of Eq.
5] is the photocurrent produced by the absorption of radiation.

If Weiser had selected a different model on which to carry out his
investigation, the pre-breakdown current and the photocurrent of Eq.
{5] also would have been different. This changes the result obtained
for the dark threshold voltage, Eq. [20], and the relationship between
external light intensity and the threshold voltage, Eq. [28]. In order
to determine the sensitivity of these relations to variations in the
current equation and the quantum efficiency, the analysis described in
the preceding section was carried out for several variations of pre-
breakdown current, photocurrent, and quantum efficiency. The re-
sults are given in Table 1 and summarized in Table 2.
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From Table 1, it is noted that the main dependence of the threshold
voltage V,,(;, on the external light intensity / is determined by the
photocurrent term and the quantum efficiency; the exponent of the
correction term (the term in brackets) is controlled by the pre-break-
down current. From the summary of Table 2, it is noted that the main
dependence of Vy,(;, on I is strong enough so that there is no difficulty
in determining which relationship of the table gives best agreement
with observation.

Table 2—Summary of Relations Between Threshold Voltage and Light

Intensity
Quantum Efficiency Photocurrent Vi, Threshold
Voltage, Proportional To
=~ Y<j/b =AnepV/L I-172
=~ Y<j/b =AncV? I-1/4
== Yj2/b =AneuV/L 1—2/8
=~ Y«j2/b =AnecV? J—-1/3

Measurements of threshold voltage versus light intensity have been
carried out on CdSe powder that exhibits negative resistance. The
results are compared with theory in Section 5, and it is found that the
best agreement is obtained for V,, proportional to 1—-1/2,

4. Methods and Procedures Used in the Experimental Investigation

The method of observing the current-voltage characteristic of CdSe
in the dark is illustrated in Fig. 3. The circuit is shown simply as a
series circuit with a de-voltage source, an ammeter, and the CdSe
sample. In Fig. 3, the current axis denotes the current through the
circuit; the voltage axis depicts the voltage across the CdSe sample
only. If the voltage across the sample-ammeter combination is in-
creased from zero, at first there is no measurable current through the
sample. When the voltage across the material reaches the threshold
voltage V,,, the current rises rapidly while the voltage across the
sample decreases. This is the negative-resistance region, and is indi-
cated by the line with negative slope in Fig. 3. The passage through
the negative-resistance region is so rapid that a point-by-point obser-
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CURRENT

Vin
VOLTAGE ACROSS CdSe

Fig. 3—Current-voltage characteristic of CdSe in the dark.

vation of the current—voltage characteristic in this region cannot be
made. At the uppermost part of the curve, the negative-resistance
region ceases because of the resistance limitation provided by the
ammeter. Without this resistance limitation, the current goes to such
a high level that the sample is destroyed. At the point of highest cur-
rent, the total voltage is still V,,, even though the voltage across the
sample has decreased. The difference in voltage appears across the
ammeter. If the voltage across the combination is decreased, the cur-
rent decreases in the noisy fashion shown in the figure. After the
current reaches zero, the process may be repeated.

When the CdSe sample is illuminated with light, the threshold
voltage is reduced. In Fig. 4, the lowering of the threshold veltage is
illustrated for three different light intensities. From Figs. 3 and 4,
it may be noted that CdSe is a good insulator before the threshold
voltage is reached.

CURRENT

AMMETER

INCREASING
/ LiGHT
INTENSITY

Vin(1) Yin
VOLTAGE ACROSS CdSe

Fig. 4—Current-voltage characteristic of CdSe with light incident.

RCA Review e Vol. 33 ¢ June 1972 369




4.1 Experimental Setup

The experimental setup used to measure the threshold voltage of CdSe
powder as a function of light intensity is illustrated in Fig. 5. The
light intensity at the exit slit of the monochromator as a function of
wavelength was measured using a calibrated phototube. This equip-
ment was also used to calibrate the transmission of various neutral
density filters as a function of wavelength. The voltage across the
CdSe sample was measured by subtracting the voltage across ter-
minals B from the total voltage across terminals A. This voltage, A
minus B, was recorded as the x-coordinate on an X-Y recorder. The
voltage across the B terminals was proportional to the current through
the CdSe, and was recorded as the y-coordinate on the X-Y recorder.

4.2 Samples

The CdSe samples used in the experiments were prepared by stretching
a 10-mil copper wire over a piece of glass with ten strips of transpar-
ent, conductive tin oxide coated on the surface. The strips of tin oxide
were 0.010 inch wide, separated by 0.040 inch, and were placed per-
pendicular to the copper wire. In this way, ten samples were made in
each setup. The spacing between the wire and the glass was set at
100 pgm (0.004 inch), and the copper wire and the conductive coating
of the glass provided the electrodes for the small amount of CdSe
powder dropped between them. The particle size of the CdSe powder
was of the order of 50 pm in diameter.

4.3 Experimental Procedure

Measurements of threshold voltage versus light intensity were carried
out for two wavelengths: 7000 and 9000 A. The monochromator of
Fig. 5 was set at one of these wavelengths, and the light from the exit
slit was allowed to fall on the CdSc sample. The sample was posi-
tioned so that the light emerging from the exit slit fell where the
material made contact with the conductive coating of the glass. The
absorption due to the glass and the conductive coating was measured
before preparing the samples, and thus it was taken into account in
determining the incident light intensity. The intensity of the light in-
cident on the sample was varied by placing the various prevously cali-
brated ncutral density filters between the exit slit and the CdSe. With
the light incident on the sample, the voltage across it was increased from
zero until the threshold was reached. The material passed through the
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Fig. 5—Experimental setup for measuring the threshold voltage of CdSe
powder as a function of light intensity.

CURRENT (4. A/in)
\/\\‘
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] 20 30 40 50 &0
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Fig. 6—Measurement of threshold voltage with light incident on the sample
(A=9000 A, 7 =1.06 X 101! photons/cm?2/sec).
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negative-resistance region rapidly, then the voltage was returned
slowly to zero. This process was repeated five times for each intensity.

Fig. 6 shows an example of the measurement of V,;, with light
of intensity I incident on the sample. For each of the five measure-
ments, the zero-axis of current on the X-Y recorder was shifted.
From Fig. 6 it is observed that, below about 30 volts, no measurable
current passes through the sample either before or after breakdown.
This was always found to be the case, except under conditions of
extremely high light intensity (room light or direct light from the
tungsten source incident on the sample). Under these conditions, the
negative resistance disappeared. However, even with the disappear-
ance of negative resistance for high light intensities, 21 volts still
had to be applied across the sample before a measurable current would
flow. The value of 21 volts (the average of 25 readings) was there-
fore taken to be the junction bias voltage. In the example of Fig. 6,
the value of V,; ;) is about 40 volts (total voltage minus junction bias
voltage). This method of determining V,;, was used in all measure-
ments of the threshold voltage.

In summary, for the wavelengths 7000 and 9000 A, the incident
light intensity was varied by placing various neutral density filters
between the exit slit of the monochromator and the CdSe sample. The
value of V,;(;, was averaged over five readings, and the result was
a measure of V,;, versus I. The results are given in the next section,
where they are analyzed in terms of the theory of negative resistance
presented in Sections 2 and 3.

5. Measurements of Threshold Voltage Versus Incident Light Intensity
5.1 Results

The results of the measurements at 7000 and 9000 A are plotted on a
log-log scale in Fig. 7. Although each data point of Fig. 7 is the
average of five readings, error bars are not included since the max-
imum variations in V,;;, were of the order of only =2 volts.

5.2 Comparison of Results with Theory

In Section 2, it was shown that in order for a material with negative
resistance to conform to Weiser’s theory, measurements of threshold
voltage as a function of light intensity must agree with the relation

Vth j”lL Vth(l) 3
I=—— | 1-— . [28]
a€ ut (Vth(l))2 Via
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Fig. 7—Threshold voltage versus light intensity.

When the light intensity is high enough so that the threshoeld
voltage V,,;, is considerably reduced in comparison to the dark
threshold voltage V,,, the term in brackets in Eq. [28] may be
neglected. Then V,,;, is proportional to /—1/2. This corresponds to
the case where the injected current is negligible compared to the num-
ber of electrons supplied to the conduction band by absorption of
external radiation. According to the theory, such a situation should
yield a slope of —% on a log-log plot of Viagy versus I. A linear
regression (least squares) analysis was carried out for the two sets
of data of Fig. 7. The slopes of best fit were found to be —0.453 for
A =7000 A and —0.416 for A = 9000 A.

The values of slopes obtained from Fig. 7 may be low compared
to the theoretical value because several of the measurements were
made at relatively low light intensities. In order to investigate the
effect of the measurements made at low light intensity, the term in
brackets in Eq. [28] should Le included. This is accomplished by
plotting Vi 1)/[1—(V,41)/V2)311/2 versus I on a log-log scale. The
plot is given in Fig. 8, where the solid lines have the theoretical slope
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Fig. 8—'I;Ihreshold voltage versus light intensity—comparison with Weiser’s
theory.

of —%. A dark threshold voltage of 69 volts (the average of 25
measurements) was used in the data of Fig. 8.

A linear regression (least squares) analysis was carried out for
the two sets of data of Fig. 8. The slope of best fit was found to be
—0.465 at 7000 X and —0.441 at 9000 A. The agreement between these
measured values and the theoretical value of —% is considered to be
good.

Before concluding that the negative-resistance effect in CdSe pow-
der may be interpreted in terms of Weiser’s theory, further consider-
ation will be given to the experimental results in terms of the
relationships developed in Section 3. There it was shown that the
relationship between the external light intensity and the threshold
voltage is sensitive to variations in the quantum efficiency and the
current equation. Twelve different relationships between external light
intensity and the threshold voltage, including Eq. [28], were derived.
These are given in Table 1. By studying these relationships in con-
junction with the raw data plotted in Fig. 7, it was found that the
best fit for the data is obtained with
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[29]

In deriving Eq. [29], the initial current was considered to be ohmic
(aV) instead of following the square-law dependence (aV?) used in

obtaining Eq. [28].

Table 3—Results of Linear Regression Analyses

Quantities Analyzed:

log f (V) versus log I A=17000 A A=9000 A
Slope of | 9% Difference |Slope of | % Difference
f(Vaw) Best Fit From Best Fit From
Theoretical Theoretical
Slope of —1% Slope of —1%
Van — 0.453 9.4 —0.416 16.8
Vaao — 0.465 7.0 — 0.441 1.8
[ Vll(l\ 3 l/l
1 —( ——
| Vi
Vi — 0.482 3.6 — 0.468 6.4

For agreement to exist between theory and experiment, a plot of
log of Viyy(1)/[1= (V4 1)/Vi4)2172 versus log I should yield a straight
line with slope of —% for the measurements at each wavelength. The
plots are not given since they differ little from those given in Figs. 7
and 8. However, the slope of best fit was found to be —0.482 at
7000 & and —0.468 at 9000 X. Tke results of the experimental investi-
gation are summarized in Table 3. From the table it is observed that
a better fit is obtained between the threshold data and Eq. [29], than
is obtained between the threshold data and Eq. [28], the relationship
derived in Weiser’s theory.
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5.3 Conclusions

The Dumke-Weiser theory of negative resistance was formulated in
order to account for the current-voltage characteristic of GaAs p-i-n
junctions. The experimental results presented above verify the validity
of the theory for another insulating material, namely, CdSe powder.

In attempting to explain the experimental results with CdSe on the
basis of the same mechanism as that proposed by Dumke and Weiser,
the effect of varying the functional dependencies of the initial current,
the photocurrent, and the quantum efficiency was determined. The best
fit of the experimental data for CdSe was found to occur for a linear
dependence of the initial current on voltage, rather than the quadratic
dependence that was appropriate for the GaAs results. It should be
pointed out that a direct observation of the initial current was not
possible (see Fig. 6). The functional dependencies of the photocurrent
and the quantum efficiency that gave the best fit were the same for
both materials.

The displacement of the two sets of data in Figs. 7 and 8 occurs
because of the difference in absorption coefficient for the two wave-
lengths. This conclusion is based on experimental observations that
will be presented in a future paper in which threshold data will be
used to determine the absorption coefficient of CdSe as a function of
wavelength.
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Luminescence from GaN MIS Diodes

J. 1. Pankove and P. E. Norris
RCA Laboratories, Princeton, N. J.

Abstract—A high electric field is used to generate holes at the surface of n-type
GaN; a reversal of the electric field polarity allows radiative recombina-
tion to occur over a broad spectrum, including the ultraviolet, due to
near-band transitions.

Introduction

MIS luminescent diodes have been made with GaAs' and GaP®. The
structure consists of a metal electrode spaced from the semiconductor
by a thin insulating layer. A second metallic connection provides an
ohmic contact to the semiconductor. Because the most interesting
phenomena occur in the vicinity of the metal-insulator-semiconductor
region, the second (ohmic) metal electrode is omitted from the acronym,
“MIS.”

The principle of operation of the MIS diode is as follows. A
transient voltage is applied across the diode to induce an inversion
layer in the semiconductor at the IS interface. A negative voltage is
applied to the metal to invert the n-type material, and conversely, a
positive voltage to invert a p-type semiconductor. The inversion con-
centrates minority carriers at the surface of the semiconductor. Then,
the polarity of the bias is reversed to “inject” the minority carriers
from the surface into the bulk of the semiconductor.
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Injection luminescence can be easily studied without resorting to
the MIS structure in those semiconductors in which p-n junctions can
be readily fabricated. But in those materials in which p-n junctions
have not or cannot be made, minority carrier injection can be accom-
plished only by the use of either the MIS structure or a Schottky
barrier. Since we have not been able to make p-type GaN and have
not obtained electroluminescence from a Schottky barrier to n-type
GaN,* the MIS structure was tried.

Al

OHMIC :
——— S‘SNJ

<—1~ GaN

<—1— SAPPHIRE

Fig. 1—Structure of an array of MIS diodes.

MIS Fabrication

A 1000-A layer of SizN, was deposited on GaN by reacting silane with
ammonia at ~700°C. Then 20-mil-diameter dots of Al were evaporated
onto the SizN, layer to form MIS diodes (Fig. 1). The ohmic contact
to the GaN was provided by Al dots evaporated over a bare region of
GaN. The ohmicity of these contacts could be verified by measuring
the 7(V) characteristics between any two dots on the bare GaN. The
“undoped” n-type GaN, grown by the vapor-transport method,* had a
carrier concentration of 3.9 X 1018 electrons/cm3 and a mobility of 137
cm?/Vsec.

Electrical Characteristics

The I(V) characteristics of the MIS structure showed symmetrical
breakdown at about =50 V. This breakdown corresponds to Frankel-
Poole conduction in the SizN, when a critical field of 5 X 10% V/em is
achieved.®* It was noted that the MIS diode always “burned out” when
more than about 5 pA were passed through the contact with the
“metal” (field-effect electrode) negative, whereas a larger current
could usually be tolerated with the metal positive. Burnout rendered
the MIS contact ohmic.

A negative bias on the metal causes double injection in the insulator
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and therefore a negative resistance is expected, whereas a positive
bias on the metal transfers electrons from the conduction band of GaN
to the conduction band of SizN,, and from there to the metal. Hole
injection from the positively biased metal to Si;N, is probably in-
efficient because of the higher barrier to holes (3.05 eV) than to elec-
trons (2.1 eV) at the MI interface.®* However, some holes are injected
at the MI interface as evidenced by the cw emission of radiative
recombination during positive breakdown bias of a few microamperes.
The expected onset of negative resistance would explain the greater
vulnerability to burnout with a negative bias.

C(V) measurements were made with a 1-MHz small signal super-
imposed on a swept dc bias. The zero-bias capacitance was 90 pF. As
shown in Fig. 2, the capacitance decreases when the bias is negative,

100~

80
60
C(pF)T

40

20

— 1 1 L 1 [o] L ' 1 L I
-850 -40 30 -20 -10 o] 10 20 30 40 14
BIAS (v}

Fig. 2—C (V) characteristic of MIS diode.

as expected from the generation of a depletion region. However, the
hysteresis in the C(V) curve and its shallow slope indicate the presence
of trapping states at the GaN/SizN, interface. From the sense of the
hysteresis, it appears that electron extraction or hole trapping occurs
at the interface.” The broad step-like structure at about —20 V sug-
gests the presence of two sets of surface states.

Luminescence

The following luminescence experiments were performed at fields lower
than the breakdown field of SizgN, (5 X 10¢ V/cm). Holes were gen-
erated at the IS interface by applying a sudden negative (~40 V) bias
to the metal electrode (Fig. 3a). This polarization caused an upward
bending of the bands, which produced a surface inversion layer. The
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Fig. 3—Band structure at MIS transition (a) with metal negatively biased
for hole generation and (b) with metal positively biased for re-
combination.

inversion layer traps the holes generated either by field emission or by
a combination of thermal and field emission of electrons from the
valence band at the surface to the conduction band in the bulk. Then,
the bias was reversed (metal driven positive) to allow electron-hole
recombination at the surface (Fig. 3b).

This bipolar pulse was produced by two synchronized pulsers, one
generating a negative pulse and the other generating a positive pulse
at the end of the negative pulse, as shown in Fig. 4. Because of im-
pedance mismatch between the generator and the MIS load, the square

v, 50Vv/div

1,|A7div

t

t —

= f-som

Fig. 4—Voltage and current waveforms of driving signal. The current
waveform is delayed by 25 ns with respect to the voltage (this is
an instrumental effect).
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waves are greatly distorted. The current through the diode is also
shown in Fig. 4. As expected, light is emitted when the metal electrode
is biased positively. It was noted that the intensity of the light did not
depend on the duration of either the negative or of the positive pulses,
provided the duration exceeded a minimum value of 60 ns. Below
60 ns, the intensity of the pulses decreased, causing a corresponding
drop in luminescence. The luminescence intensity, however, depended
critically on the delay or overlap of the two pulses. The highest
output was obtained when the positive current was maximized cor-
responding to the fastest possible polarity reversal. The light emitted
was too weak to conveniently display its waveform on an oscilloscope.

The emission spectirum (Fig. 5) forms a broad band extending
below 3.4 eV and consists of a peak at 3.28 ¢V and another one more
intense at 2.10 eV. These two peaks are joined by a broad structure-
less emission spectirum.

PHOTOLUMINESCENCE
FRONT SURFACE

TRANSMITTED

ELECTROLUMINESCENCE

B g . . . 3.0 3.5
2 (2] 2.0 2.5 h (ev)

Fig. 5—Electroluminescent emission spectrum during bipolar biasing of
the MIS diode. The dashed portion of the low energy peak is a
cutoff due to the detector’s characteristics. The upper two curves
are the photoluminescent spectra obtained from the front (excited)
face and after transmission through the material.
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The near-edge photoluminescence spectra obtained with an He-Cd
UV laser are shown in the inset of Fig. 5. One spectrum was obtained
by measuring the light emitted from the illuminated side; the other
spectrum was obtained by measuring the light transmitted through
the crystal. It is evident that the shift of the emission peak from
3.395 to 3.31 eV is caused by the high energy cutoff of the radiation
transmitted by the GaN crystal due to the extensive absorption edge
of this material. This observation suggests that self-absorption may
play an important role in clipping the high energy edge of the radia-
tion emitted by the MIS structure. A transmission measurement shows
that the absorption coefficient is greater than 103 cm—1 at 3.40 eV and
is rising rapidly at higher photon energies. Hence, it is expected that
the emission under the contact may be a very intense near-gap
emission.
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Infrared Transmission Microscopy Utilizing a
High-Resolution Video Display

Richard A. Sunshine and Norman Goldsmith
RCA Laboratories, Princeton, N. J.

Abstract—This paper demonstrates that an infrared miscroscope having particu-
larly good sensitivity for defects in silicon is obtained by cambining a
silicon vidicon television camera with a standard miscroscope objective,
low-intensity light source, and a video monitor. The rapid fall in re-
sponse of the silicon vidicon at wavelengths approaching the bandgap
of silicon results in enhanced contrast when using white-light illumina-
tion sources. Resolution of the system is excellent because it is limited
only by the microscope objective. The usefulness of this simple appara-
tus is illustrated by photographs taken quickly and nondestructively
showing doping variations, precipitates, and decorated dislocations In
semiconductor materials and devices.

Introduction

A large variety of techniques have been developed to detect and
identify defects in semiconductor materials and devices. However,
few of these techniques are at once simple, rapid, and nondestructive
80 as to be used to routinely monitor defects introduced or present in
the material. Here we describe a simple, nondestructive, and relatively
inexpensive apparatus for examining semiconductor samples by means
of high-contrast, high-resolution infrared transmission microscopy. In
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addition, we demonstrate the usefulness of this technique by directly
viewing and photographing within a wafer many features that are
normally found only by destructive etching and staining techniques or
time consuming x-ray topography.

! ! ILLUMINATION SOURCE

|

<> LENS
VIDEO
MONITOR
<> LENS
SAMPLE
MICROSCOPE
OBJECTIVE
. Si VIDICON
PRISM ™\ TV CAMERA

Fig. 1—Experimental apparatus used in this investigation.

Experimental Arrangement

The experimental arrangement is extremely simple, as can be seen from
Fig. 1. A low-power microscope lamp is used te illuminate the sample,
which is placed on a stage capable of x-y-z motion. The light passing
through the sample is focused, using a standard microscope objective,
onto the target of a silicon vidicon television camera. The image is
viewed or photographed from a video monitor. The magnification can
be changed by changing the objective lens, the distance between the
vidicon camera and the objective, or the video monitor size. Changing
the camera distance allows one to “zoom in” on a defect of particular
interest. This system has several significant advantages over conven-
tional image converter microscopes® and laser scanning systems.? Some
of these are
[1] The silicon vidicon responds to light with wavelengths as long
as 1.10 um, allowing the use of low-power illumination sources for
viewing silicon samples.
[2] Standard video circuitry is used resulting in an image of good
contrast, adequate grey scale and easy viewing.
[3] The spatial resolution is excellent. We have resolved features less
than 2 pm in size without the use of infrared corrected optics.
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[4] The magnification is simply and conveniently adjusted.

[5] There are no critical alignments or moving parts such as are used
with a laser scanning system.

[6] The components are relatively inexpensive, widely available, and
as convenient to use as a conventional metallurgical microscope.

[7] There is no severe barrel distortion, as in image converter micro-
scopes, and no “grain” due to magnification of a phosphor screen.

Contrast and Spectral Response

There are a number of factors that contribute to the production of a
clearly defined image of defects and surface features using this system.
For examining samples of silicon the system is almost ideally matched
as shown by the following analysis.

The transmission through a polished sample of material thickness
x,, absorption coefficient «,, and reflection coefficient R, is given by®

(1 — R)2exp (—ayr,)
T =

= c [1]
1 — R2exp (—2q,x,)

In general, T will be a function of wavelength. For the case of a
silicon sample, R == 0.3, so that to a reasonable approximafion the
second term in the denominator can be dropped. Thus the transmission
through the sample can be written,

T, = A exp (—a,z,) [2]

where A is a constant. The sensitivity S of the silicon vidicon is pro-
portional to the ligh absorbed in the silicon target. If B is the propor-
tionality constant and a, and x, are the absorption coefficients and
thickness of the vidicon target, then

S=B[1—exp (—a,x,)]. [3]
The response of the system is then

R*=S8T,= AB [exp (—a,x,) ] [1 — exp (—a,x,)]. [4]
It is convenient to introduce new variables

ayy

(5]

Y= a,x, and § =
aZ,
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The response can then be written
R* = AB exp (—y) [1 —exp (=81 ]. [6]

We now find the value of y for which the response is a maximum.
Differentiating R with respect to ¥ and setting the result equal to zero
gives

1

Ym=—In (1+38). [7]
8

From Eq. [5], we see that for the normal range of silicon wafers,
8§ K1, since z,/x, will be in the range 8 to 40. In addition, since the
vidicon is not heavily doped, a, < a,. Thus § is less than 1, allowing
Eq. [7] to be expanded to give

Y = 1. [8]

For a typical sample thickness of 2 X 10—2 cm, the system will have
maximum response for « = 50 em—1, i.e., in a wavelength region near
the absorption edge of silicon. The contrast ratio C observed for two
adjacent regions will be given by the ratio of the response for each of
these regions. From Eq. [4], we obtain

C = R*/R.* = exp (—ap) /eXD (—mpaty) [9a]
InC = Agalgo — Qg1 ¥ gy [9]’)]

If the values of x, are the same, a contrast ratio of two will ke ob-
tained when the difference between the «'s is 30 em—! for a thickness
of 2 X 10—2 cm. Examination of the absorption edge of silicon* (the
region in which the system has appreciable response) will show that
this difference is easily obtained for small differences in doping if
levels above 10'8 em—3 are considered.

Contrast can also be obtained by changing the surface reflectivity
of the sample, i.e., the value of A in Eq. [2]. This occurs, for example,
when a portion of the sample is coated with an oxide layer of optical
thickness other than A/2. Diffraction at the edges of surface discon-
tinuities will also result in enhanced contrast of the displayed image.
Such discontinuities can occur in regions where a thermal oxide has
been selectively grown on the surface removing some silicon. Small
differences in contrast can also be enhanced electronically in the video
display circuit.
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Experimental Results

To perform transmission microscopy requires that both surfaces of
the wafer be highly polished to prevent scattering of the light.
Chemical polishes are suitable only if they do not result in an “orange
peel” surface. We have had satisfactory results using both purely
mechanical polishes and chemomechanical polishes. The use of a fine
lapped surface is not acceptable. Because silicon has a high index of
refraction, small bumps or depressions can act as highly effective
positive or negative lenses. These are observed in transmission as
bright or dark spots. This sensitivity to surface finish is not objection-
able and, in fact, can be put to good use in studying various polishing
techniques. We have also found the method useful for examining
wafers that have been etched to reveal erystallographic faults. Small
defects that are not easily observed using conventional episcopic il-
lumination stand out in high contrast when observed in transmission.

Figs. 2 and 3 are photographs of a typical integrated circuit taken
at two different magnifications to show the ability of the system to
display differences in doping density as varying shades of grey. These
photographs were taken with the various oxides left in place. No
significant change was noted when the same circuit was examined after
removing the oxides. We are also able to locate diffusions from a
doped oxide, a technique that leaves the silicon surface unmarked.

Fig. 4 is an example of the ability of the transmission microscope
to locate defects. The snowflake pattern is a precipitate resulting from
a boron diffusion. These particular precipitates were found by J. M.
Assour® using x-ray topography, a technique that provides essentially
unmagnified images only after many hours of exposure. In addition,
he located the defects using Sirtl etching, which is a destructive
method. The precipitates shown here were located nondestructively
with no more effort than would be required using a conventional
microscope.

A similar case is shown in Fig. 5 for a heavily tellurium doped
sample of GaAs. In this case the sample was etched so as to reveal
dislocations prior to examination. The dislocation pits shown clearly at
each end of the dislocation. By moving the focus through the sample
it is easy to follow the dislocation line from the pit on top of the wafer
through to the pit on the opposite side of the wafer. These disloeations
are visible only because they have been decorated by the precipitation
of excess tellurium (probably in the form of Ga.Te;) during growth.®
Undccorated dislocations are not observed. Dislocations in silicon can
be deliberately decorated by the introduction of copper.”
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Fig. 2—Infrared transmission photomicrograph cf an integrated circuit.

- "k 10O um
Fig. 3—Detail of circuit element from Fig. 2.
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Fig. 4—Precipitate in silicon wafer due to boron diffusion.

A
. 2
e \e -l §
Fig. 5—Precipitates and decorated dislocations in tellerium doped GaAs.
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Fig. 6—Base region of epitaxial power transistor.

The wide dynamic range of the system can be illustrated using
Figs. 6 and 7. Fig. 6 shows the base region of an epitaxial power
transistor with the emitter visible in the upper corner as a region of
solid black. Fig. 7 is a view through that same emitter region. A
number of defects in both areas are visible as well as a general non-
uniformity.

Fig. 7—Emitter region of epitaxial power transistor.
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There are other defects that can be found in silicon crystals that
are only apparent at much lower magnification than the previous ex-
amples. Fig. 8 is a photograph of a 25-mm-diameter, [111]-oriented
slice, 0.25 mm thick, that is doped with antimony to near the solid
solubility limit. The decided swirl pattern is either preferential im-
purity segregation about the thermal center of the growing ingot or
possibly vacancy clusters as described by de Koch.® To obtain this

Fig. 8—Microscopic inhomogeneity in 1 inch diameter silicon crystal.

picture we substituted a low-quality plane—convex lens for the micro-
scope objective and placed it such that it projected a reduced image of
the wafer that just filled the sensitive area of the vidicon. The light
source was also vignetted with a pair of diaphragms so as to obtain a
more nearly collimated beam of light. Sirtl etching the wafer did not
reveal a high defect density within the swirl pattern.

Discussion and Summary

We have demonstrated that an infrared microscope having particularly
good sensitivity for defects in silicon is obtained by combining a silicon
vidicon television camera with a standard microscope objective, low-
intensity light source, and a video monitor. The rapid fall in response
of the silicon vidicon at wavelengths approaching the bandgap of
silicon results in an enhanced contrast when using white light il-
lumination sources. Resolution of the system is excellent because it is
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limited only by the microscope objective. The usefulness of this simple
apparatus is illustrated by photographs taken quickly and nondestruc-
tively showing doping variations, precipitates, and decorated disloca-
tions in semiconductor materials and devices.

Gupta et al’® have compared the response of transmission systems
for studying silicon samples. They concluded that a system operating
at 3.39 pum was more sensitive to changes in impurity density than one
operating at the band edge of silicon. Although this is true, we have
demonstrated that, with our very simple system, resistivity swirls are
readily detected in substrate material doped in the mid-10!8 range,
and that base, emitter, and collector diffusions in an integrated circuit
are easily distinguished. In addition, shallow diffusions can be dis-
tinguished from deeper diffusions with the same surface concentration,
as can two equal-depth diffusions with different surface concentrations.
Furthermore, the contrast of the system described here can be im-
proved at the expense of the sensitivity by using a monochromatic
source of light, which is highly attenuated by the sample. The 1.015-um
Hg line with the 1.1287-pm line filtered out is suitable for silicon
samples in the usual thickness range. With a narrow spectral source,
one can also study heating effects in operating devices because of the
shift of bandedge with temperature.’®
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Modulation Transfer Function Calculation of
Electrostatic Electron Lenses

llles P. Csorba
RCA Electronic Components, Lancaster, Pa.

Abstract—The modulation transfer function of electrostatic electron lenses is
calculated by deriving the point and line image current density func-
tions from the computer calculated electron paths. The method pre-
sented is applicable to an optical system with geometrical aberrations.

Introduction

The Modulation Transfer Funetion (MTF) of ideal image tube lenses
free of geometrical aberrations has been derived and computed in a
previous paper.! In the present paper, the general case that includes
geometrical aberrations is discussed. For a system with geometrical
aberrations, the transverse focusing error as a function of emission
angle may be obtained from the computer plot of the electron paths.
Having the transverse focusing error, the point and line image eurrent
density functions may be given by simple equations. These functions,
in turn, may be converted into the MTF.

Derivation of Point and Line Image Current Density Functions

The MTF of an electron lens may be obtained by calculating the
image current density distribution for a sinusoidal pattern. For this
purpose assume that AA is an elemental area on the surface of the
photocathode and from AA a polyenergetic emission occurs with an
emission energy distribution dN(V,;) and with an angular distri-
bution obeying Lambert’s law. The incremental current diy emitted
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between angles § and 684df# from AA is
dig = 2dN (V,) AAsinfcos6dd. [1]

Here dN(V,) is the fraction of electrons emitted at an emission
energy eV, in an emission energy interval d(eV,), and 4 is the angle
between the emission direction and the direction of the electric field.

The incremental current di, strikes the phosphor screen over an
annular element having a radius Ar, where Ar is the transverse focus-
ing error. The current density in the annular element may be obtained
by dividing diy by the area of the annular element,

2dN (V,) AAsinfcosfdé
jlar) = c [2]
2xArd(Ar)

Here d(Ar) is the width of the annular element. The value of Ar
as a function of emission angle # may be obtained by electron tra-
jectory calculations. (Because of the aberrations of the electron lens,
the electrons emitted at different emission angles # strike the phos-
phor screen at a different radial distance Ar measured from the center
of the point image.)

For a monoenergetic line source, the image current density at a
distance xz from the line is

+Ar, +Ary,
1 dN (V,) sinfcosfdd dN (V) sin26d6
fi(x) =— dy = dy, [3]
T Ard(Ar) 2 Ard (Ar)
—Ar —Ar,
Ar
y
X
LUMINOUS
~—LINE

Fig. 1—Diagram for derivation of the image current density of a luminous
line.
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where Ar,, is the maximum value of {ransverse focusing error. Chang-
ing to a new variable Ar, Eq. [8] beccmes

8(Arpy)
dN (V) sin20d4
Jix) = —_—. [4]
™ VAri—g?
4(z)

For a polyenergetic line source, Eq. [4] must be integrated over
the emission energy distribution curve to obtain the image current
density at a distance x from the line:

Vim

J(x) = / i(x), [5]

[

where V,,, is the maximum emission energy.

—x

Fig. 2—Diagram for the derivations of image current density distribution
of a cosine wave pattern at the photocathode.

For a consine wave pattern at the photocathode, G (8), the image
current density distribution may be obtained by integrating J(x)
over the pattern®:

+Ar +Ary,
F(8) =fJ(a:) G (8—z)dx =fJ(x) [b+bcos2nf(5—=z)]dz, [6]
—Ar —Ar',

where Ar’,, is the maximum value of transverse focusing error of a
polyenergetic source, and f is the line frequency of the resolution
pattern. According to Eq. [4], J(z) is an even function of 2. Hence,
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after normalizing by dividing F(8) by fJ(x)dz, the following equa-
tion is obtained:
F,(8) = b+ b A(f) cos(2xf8), (7]

where

ar .

f.l (z) cos(2nfx) dx

0

A(f) =— . [8]
Ar'p,
f J(x) dx
0
The MTF is
MTF (f) =|A(f) | [9]

It is possible to generalize the derivation for an asymmetric point
image. In this case, it is necessary to write in place of Eq. [2]

dN(V,)AAsin(20) déd¢
j(xy) = o (10]
2ndx dy

where ¢ is the polar coordinate angle; and for Eq. [4],

Vmaz
1 8(0,¢)
Jix) =—/dN(V«) sin(26) dy. [11]
2w 8 (x,y)
..llﬁ

Here, the functional relationship expressed by the Jacobian is ob-
tained from ray tracing data.

After normalizing by dividing F(8) by fJ(x)dx, the following
equations are obtained:

F,(8) = b+bA;(f)cos2nfd+bA,(f)sin2x f§
= b+b|A (f)|cos2nf(8—a), [12]
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where « is the spatial phase shift and

+Ar'y +Ar
fJ(x)cos2n-fxda: fJ(x)sinZ-nfxdz
—Ar ., —Ar"‘
A(f) = s Ax () = . [13]
+ar'y +Ar'y,
J (2)dz f J(z)dz
—Ar', —ar

The modulation transfer function is

MTF(f) =|A(F) | = VAL2(f) + A2(f). [14]
Steps in the Calculation of MTF

1. Use an emission energy distribution given by the following equation :

w2 V, ~ Vi Vy
diN(V)=———cos|—— ] d | —
(m—2)2 V,, 2V, Vim

2. Divide the emission energy distribution into 20 monoenergetic
groups,

Vi
d (——) = 0.05.
V‘m

3. Calculate the fraction of electrons emitted in the interval d(V/V,,)
for each monoenergetic group.

4. Calculate Ar as a function of 8 for each monoenergetic group by
running electron trajectories at an increment of d8=2° (total of
45 trajectories). Place the phosphor screen in the image plane of
electrons having V,,/V,, = 0.256 axial emission energy; where V,,
represents the axial emission energy for which sharp focus is
obtained.!

Calculate j(x) by using Eq. [4] or [10].
Calculate J(x).

Calculate A,(f) and Ax(f).

Calculate MTF.

2 5 B
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Conclusion

In the past decade, computers have become an important tool in the
hands of electron opticians. Initial designs are often checked out on
a computer by calculation of the electric potential field and of the
electron paths. After the initial computer tests and adjustments of
the electron optics, the final test is to build a sample tube and
measure the imaging quality. This paper gives a method for com-
puting the imaging quality without building a sample tube.
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A Simplified Method for the Determination
of Particle Size Distributions of Fine
Magnetic Powders

J. W. Robinson and E. F. Hockings
RCA Laboratories, Princeton, N. J.

Abstract—Small-particle magnetic oxides in the sub-micron range have been
quantitatively characterized by size measurements. For each material,
the method requires about 100 observations from electron micrographs.
The small number of observations gives particle-size distributions with
relatively little effort compared with standard methods requiring about
500 observations. The dimensions of several samples of needle-shaped
gamma ferric oxides used in magnetic recording materials are tabu-
lated.

introduction

Particle size distributions of magnetic powders have been shown, by
Dismukes et al.,! to influence directly the recording characteristics of
tapes made from them. We desired to extend their work, but the
considerable effort needed to obtain particle size distributions by con-
ventional approaches greatly hindered our progress. This barrier was
reduced when a simplified procedure was utilized. The purpose of this
paper is to demonstrate that useful data can be obtained from small,
readily measured samples.
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A sample of about 100 particles can be used to represent the distri-
bution of the bulk population from which it is drawn, provided the
data are expressed in the form of a cumulative percent frequency
distribution and the sample is from a population that follows one of
the standard forms, such as normal or log normal?! The magnetic
powders discussed here are gamma ferric oxide, and their size distribu-
tions follow either the normal or the log normal law. Particles that
derive from a chemical precipitation have a size distribution that
follows the normal law.? If the precipitated particles are then milled,
their size distribution is better represented by the log normal law.
Another requirement is that the curve used to describe the distribu-
tion be smooth. This smoothness will be realized when a cumulative
percent frequency curve is obtained from approximately 100 observa-
tions. The use of this number of observations represents a consider-
able reduction in the effort needed to determine particle size distribu-
tions. The reproducibility of the method was examined by repeated
measurements on a commercial gamma ferric oxide, and then a series
of oxides were characterized using this modified procedure.

Experimental

The gamma ferric oxide particles used in magnetic recording are
acicular (needle shaped) and less than 1 pum in length. Their dimen-
sions were obtained by direct measurement on transmission electron
micrographs. The samples were prepared for examination by dis-
persing the powders in collodion, forming into thin films, and then
observing at about 30,000 magnification. Sufficient micrographs
were taken to include about 100 distinguishable particles. For ease
of measurement, photographic prints were made that increased the
magnification to about X90,000. Reduced examples are shown in Figs.
1 and 2. The measurements made on the prints were of particle length
and width. Care had to be exercised to ensure that only single particles
were measured. Fig. 1 shows overlapping particles. When these are
oriented in the same direction they appear as a single particle, but
on the original prints the outlines of the individual particles can be
distinguished. The length and width of each particle was measured
and then the particle was marked to ensure that it was not measured
again. The data were arrayed and the cumulative frequency per-
centages were calculated. In Table 1, values are listed for the particle
lengths [, in micrometers, of several commercial oxides.

The reproducibility of the method has been demonstrated by many
replicate determinations. For example, data from two measurements
on the same batch of oxide are shown in the first two rows of Table 2.
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Iig. 1—Electron micrograph of oxide A.
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Fig. 2—Electron micrograph of oxide C.
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Table 1—Cumulative Frequency Distributions of Particle Lengths of
Gamma Ferric Oxides

Oxide A Batch 1 Sample 1 Oxide A Batch 1 Sample 2 Oxide A Batch 2 Oxide C Batch 4
Ix10 T Ixlo % ix10 % 1x10 T ix10 T x10 T ix10 T ix10 T
0.46 0.6 2,78 70.0 0.57 2.3 2.90 71.0 0.81 2.0 3.12 70,0 0.80 0.7 3,20 66.0
0.57 2.3 2.90 74,0 0,69 3.9 3.00 81.0 0,93 5.0 3.2 7.0 0,91 2.1 3.3t 7.0
0.69 3.5 3.00 77.0 0.81 6.2 3,12 85.0 1.06 8.0 13,35 76.0 1.03 3.4 3.5 175.0
0.81 6.5 3.12 79.0 0.93 10.0 3.24 86.7 1.16 14,0 3.48 B81.0 1.14 5.5 3.66 76.0
0,93 7.0 3.24 82,0 1,06 16.0 3.35 89.0 1.29 16.0 3.59 83,0 1.26 8.2 3.77 78.0
1.04 12.4 3,35 83.0 1.16 20.0 3.48 90,5 1.39 21,0 3.71 84.0 1.37 13,0 3.88 81.0
1.16 18.0 3,48 B86.0 1.29 26.0 3.59 91.2 1.50 23.0 3.82 86,0 1.49 16.0 4.00 82.0
1,29 23.0 3.59 88,0 1.39 30.0 3.8 93.0 1,62 27.0 3,93 89.0 1,60 20.0 &.11 83.0
1.39 29.0 3.71 89,0 1.50 34,0 3,93 94,3 1.74 30,0 4,05 91.0 1.7 23,0 4,23 B4.0
1.50 31,0 3.8 92,0 1.62 37.0 4,17 96,0 1.85 37,0 4,17 930 1.83 27.0 4.33 85.0
1.62 34.0 3.93 93.0 1.74 42.0 4,28 96,8 1.97 38,0 4,28 96,0 1.94 31.0 4.46 86.0
1.74 39.0 4.05 96,0 1.85 48,0 4.37 98,3 2.08 39.0 4.51 97.0 2.06 38.0 4,57 87.0
1.85 41.0 4,17 96.5 1,97 S1.0 5.28 99.0 2,20 42,0 5,78 98,0 2.17 41,0 4.69 88.0
1.97 47.0 4.28 97.0 2,08 55.0 2.32 46,0 6.25 99.0 2.28 48.0 4,80 90.0
2,08 54.0 4.70 98.0 2,20 60.0 2,43 49,0 2,40 50.0 4,91 92.0
2.20 57.0 4.90 98,7 2.32 64,0 2.5 51,0 2,51 53.0 S5.14 93.0
2.32 59.0 5.00 99.0 2.43 67.0 2,66 54.0 2.6 59.0 5,26 94,0
2.43 63.0 2.5 13,0 2,78 58.0 2,86 62.0 5,38 95.0
2.5 65.0 2,66 75.0 2.90 64.0 2,97 64,0 5,48 98.0
2.66 69,0 2,78 76,0 3.00 69.0 3.09 65.0 6,06 99.0

The arithmetic means of the length and width of the two samples are
seen to be very similar. The distributions of the particle lengths were
compared in the form of cumulative percent frequency curves, and
these were plotted on arithmetic probability graphs, because normal
distributions are then represented by straight lines. The replicate
data from Takle 1 are shown in Fig. 3 as probability graphs, and they
indicate the degree of reproducibility of this simplified method that
uses small samples.

Discussion

An outstanding feature of these oxides is the acicular shape of the
particles. In Table 2 the mean lengths, mean widths, and their ratio
are listed. The length-to-width ratio quantitatively describes the

Table 2—Dimensions of Some Gamma Ferric Oxides

Oxtde |Batch |SaPle u':;:h ::;:: s |t Jean “"/ l:nzih 3’...2&
£(w) L) v wip) . £(w) (%)
A 1 170 | 0.22 | o0.20 |o.045 |0.040 | 4.9 o.10 | 46
A 1 128 | 0.21 | 0.19 |o.064 [0.040 | 4.9 o.11 | 4o
A 2 100 |o0.26 |o0.24 [o.050 [0.048 | s.2 0.12 | 46
B 3 89 |o0.44 | o0.41 Jo.096 |0.088 | 4.6 0.21 | 47
c 4 |1 [o0.28 |o.25 [o.070 [0.067 | 4.0 0.13 | 48
) s | 1s1 Jo.27 |o0.2s lo.0s7 |o.oss | 4.7 0.12 | 46
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acicular shape of the particles. The median lengths and widths are also
listed, and comparison to the mean values shows that the latter have
not been influenced by a few extremes. The ways in which the particles
vary in their dimensions provide further means of characterization.

09 Oxide A Batch |
® SAMPLE | X SAMPLE 2
0.8~ MEAN = 0.224 MEAN = 021
MEDIAN =0.20 p4 MEDIAN = 0.19 14
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Cumulative Frequency (°/%)

Fig. 3—Arithmetic probability graphs of two samples of oxide A.

A measure of this variation is the standard deviation ¢ defined as

g

where x is the particle size, ¥ is the arithmetic average of the particle
sizes, and #n is the number of particles measured. The standard devia-
tion is influenced by the mean particle size; therefore, the coefficient
of variation C,, which is defined as C, =100 o/, is a more useful
measure for comparison when mean values differ widely. This is
shown by the constancy of the values in the last column of Table 2.
The distribution of particle lengths for several oxides are shown as
probability graphs in Figs. 3, 4, and 5; they are somewhat curved
because of deviations from the normal distribution, and these devia-
tions are characteristic of each oxide. For example, the graph for
oxide C (Fig. 4) shows a larger deviation from a normal distribution
than do the graphs of the other oxides. The curvature suggests that
the distribution would be better represented as a logarithmic probabil-
ity graph; this is shown in Fig. 6. The data fall on a straight line,
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Fig. 4—Arithmetic probability graphs of oxides A and C.

which suggests that the distribution is the result of a milling pro-
cedure. In Fig. 2, it can be seen that some of the particles have
straight square ends, as if they had been broken as a result of
comminution.

The dimensions of several gamma iron oxides used in magnetic
tapes and disks have been measured and quantitative comparisons have
been made. An example of the use of this type of quantitative char-
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Fig. b—Arithmetic probability graphs of two batches of oxide A.
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Fig. 6—Logarithmic probability graph of oxide C.

acterization is given by the observation of differences between two
batches of the same oxide. The probability graphs of the two batches,
received at different times, show these differences (Fig. 5). Table 2
shows that batch 2 has a larger mean particle size than batch 1. The
mean particle length is 0.26 um compared with 0.22 um, and the mean
particle width is 0.050 pm compared with 0.045 pm. A comparison of
the graphs shows that the shapes of the curves are similar but that
they are displaced.

This abbreviated statistical method will make the correlation of
magnetic recording properties with particle size distributions a more
reasonable task with regard to time and effort. The method has already
been valuable for the characterization of new iron oxides and for their
quantitative comparison to presently used oxides.
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Electrophotography—A Review*

Robert B. Comizzoli, G. S. Lozier, and D. A. Ross
RCA Laboratories, Princeton, N. J.

Abstract—This review is concerned primarily with the electrophotographic sys-
tems currently in use, i.e., the electrodeless, stored energy systems.
First, the history of reproduction is traced from printing, through wet-
and dry-chemical photography, to electrophotographic systems. The
electrodeless system is defined and described in terms of the process-
ing. Then, the light sensitive materials and processing are examined,
and the characteristics of the material comprising the electrophoto-
graphic layer are related to the operational steps of charging and
exposure. The principal development materials, dry powder and liquid
toners, are described on an electrochemical basis, and the toning
mechanisms are reviewed. Finally, the principal applications and future
trends of electrophotographic systems are outlined.

1. Introduction

Electrophotography, as its name implies, is a technique for imaging,
copying or printing by electro-optical methods in contrast to mechani-
cal-impact or contact printing or to the photochemical processes used
in conventional chemical photography. The technology is based on
electrostatic forces and photoconductivity and requires no chemical
processing.

The practical application of insulating photoconducting materials
for reproduction came initially through invention rather than the
systematic development of materials suitable for electrophotography. It
was only after discovery and reduction to practice that large scale
research began to be directed to the improvement and development of
new and better materials and processes. Research has increased with
the commercial success of electrophotography in the office copying field.

* This paper has also appeared in the April 1972, Vol. 60, No. 4, issue
of the Proc. IEEE.
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ELECTROPHOTOGRAPHY

This review describes the basic processes and technologies used for
electrophotographic reproduction and points out some of the still
unsolved technical problems. Rather than attempt to cover the com-
plete field of electrophotography, we refer the reader to several excel-
lent general reviews for details.!®** ' We concentrate on the more
common systems, their present and future status, and possible
systems yet to be developed. We have also attempted to place electro-
photography in its proper place as an active, growing branch of the
graphic arts industry.

.030" RAISED
PRINTING SURFACE

LETTERPRESS L T

SURFACE CHEMICAL
TREATMENT ALTERS
WETTING PROPERTIES

LITHOGRAPHIC FLLIFIIIIIITIS)

INK CELLS OF ORDER
005" DIAMETER
AND .001" DEEP

GRAVURE IFlarrtedifI,

4l L

Fig. 1—Schematic representation of three principal kinds of printing plates
used in mechanical printing.

1.1 Mechanical Reproduction

By reproduction we mean any method of creating a copy of an original
image. The oldest and most widely used method of reproduction is
mechanical or contact printing and the earliest examples were made
from wood cuts. The wood-cut was hand-carved by the artist, inked,
and the image reproduced on a suitable surface by contact. While
useful for graphics or single documents, each new page had to have
its own hand-carved master.

Around 1440, Gutenberg produced the first successful, movable-type
from which he could make a printing master. He could compose the
master by arranging the movable characters in page form and then
print the desired number of copies. When complete, the letters were
rearranged and reused for the next page.

Mechanical impact printing has grown from these humble begin-
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nings to a $20 billion industry today with mammoth presses printing
at web speeds of up to 25 miles per hour. The masters are no longer
hand-carved but are formed by sophisticated chemical, electro-mechani-
cal, and electro-optical techniques, and the inked surfaces include
metals and plastics. The three main mechanical configurations for
the printing masters are illustrated in Fig. 1.

1.2 Photographic Reproduction

Paralleling the development of better contact-printing processes was
the search for a method of capturing an optical image on paper.
Although aids to improve reproduction fidelity were available, such as
pinhole and lens cameras with mirrors for directing the image onto the
copy paper, a skilled artist was needed to draw the image by hand.

Wet Chemical Photography

Photochemical reactions by which light causes a blackening of certain
chemicals were known in the early 1800’s. The technique of making
these changes permanent and making the non-light-struck areas of
the image immune from further light darkening was discovered in
1839 by Daguerre who succeeded in producing permanent photographic
images on a metal plate.?2 Almost simultaneously, Talbot in England
announced his version of a photographic process, using AgCl salts on
paper, that could be made permanent by a chemical treatment following
exposure and development.}5® Talbot’s fixing step made photography
a practical process and the ensuing 130 years have seen the develop-
ment of cameras and films for almost every conceivable use.

Wet photochemical systems that do not use silver halides, although
lacking the speed of the silver systems, found other important uses.
One of the most important was the “blueprint” which resulted from
the reduction of ferric to ferrous salts and which was developed by
Sir John Herschel in 1842. This remained the standard method of
reproducing engineering drawings until the development of the diazo
process in the 1920’s.

Dry Chemical Photography

Aggressive development of wet photochemical camera imaging systems
continued through the 1930’s. In the early 1940’s, Agfa37 in Europe
and Land?® in the United States developed a silver halide diffusion
transfer process that could produce partially dry copies of documents.
Also, in the late 1930’s, Miller at the University of Minnesota demon-
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strated thermography,'® a system using heat sensitive dyes. Another
thermal imaging system described by Robillard makes use of the change
in the dielectric constant of certain materials when they absorb light.135
If the sheet is heated with rf energy, there will be a selective absorption
of the rf energy in the light-struck areas of the sheet. Heat sensitive
dyes incorporated into the sheet will develop a visible image where the
rf energy has been absorbed.

One of the more recent dry photochemical systems used commer-
cially is “Dry Silver.”15® Both opaque and transparent films are
available commercially, and the optical speed is close to that of the
conventional electrophotographic systems.

LIGHT SENSITIVE

MATERIALS M LATENT IMAGE MECHANISM VISI.L_ELEVEL;WEE

Heat Sensitive Dyes Thermal None Thermography  None (116,135)

Dry Silver Optical Silver Nuclei Silver Heat (150)
Photography

Free Radical Optical Free Radicals Free Radical Heat or Solvent (97)

Chain Reaction Vapor if Needed

Photo-Polymerization Optical Photo Excited  Polymerization Heator Vapor (17)

Monomers if Needed
Photo-Chemical Optical Excited Diazo Heat or Vapor (124)
Molecules
Vesicular Optical Excited Gas Formation  Heatto Form (124)
Di i and € : Gas Bubbl
Compounds
Thermal Evaporation  Optical Oil Film Adherography  Powder or
Liquid Toner

Fig. 2—Characteristics of dry photo-chemical systems.

If light can trigger a photochemical reaction that will propagate,
a gain may be realized. Free radical systems have been described in
which the absorption of a photon will cause a chain reaction and give
a quantum gain.??

Photopolymerization can be used to produce an image. With proper
control, high gains can be achieved.!” The most extensive use of this
process has been in the formation of resists for etching processes
and in developing deep relief printing plates.

The dissociation of diazonium compounds by light can be used to
develop a vesicular film image as well as to produce normal diazo
images.12¢

Although these dry photochemical systems are not truly electro-
photographic in that no macroscopic electrical forces are used, they
have been and still are being used extensively for document repro-
duction. They have been included for completeness and are summarized
in Fig. 2.
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1.3 Electrophotographic Reproduction

While commercial electrophotography is a relatively new technology,
the use of electrical rather than chemical energy to produce images has
a wong history.

Electrophotographic systems can be broken down into two broad
categories: (1) those systems that obtain electrical energy from
an external source and (2) those in which the electrical energy is
incorporated in the photosensitive surface prior to optical exposure.

LIGHT SENSITIVE

MATERIAL LATENT IMAGE MECHANISM OEVELOPMENT
Reuseable Plate in None — i Electr iti Direct {167)
Contact with Electro- Development Dye

sensitive Paper

Reuseable Plate in Electrostatic Charge Transfer Powder or (14,25,26,170,181)
Contact with Liguid — Direct
Insulating Paper

Reuseable Plate Electrostatic P.IP. Powder — Transfer {39,80)

Reuseable Plate None — Immediate Field Control of Direct — Powder (69)

and Paper Development Toner Trajectory Toner

Toner Particles None — Immediate Electrophoretic Direct {163}
D D ition of

Ch;vged Toner

Photo-Emitter Electrostatic Emission of Charges Powder or {98,147)
onto an Insulator Liquid — Direct

Screen Printing Electrostatic Mask Toner Attraction Powder — Direct (133}

Fig. 3—Electrophotographic systems using external energy source.

External Field Systems

Historically, systems that used external fields were the first to be
developed. A number are listed in Figure 3.

In 1922, von Bronk received a patent on a system using a photo-
conductive plate in contact with electrosensitive paper.!9? A system
using a similar principle has recently been reduced to commercial
practice. It uses a sandwich of a photoconducting plate in contact with
an insulating, coated paper.14.25.26.170.181 T jght striking the photocon-
ductor produces charge carriers which, with the aid of an external
field, transfer to the insulating surface of the contacting paper. The
image can then be developed in a separate step with powder or liquid
electroscopic toners.

Another system that may use an external field during exposure
makes use of the polarization properties of certain types of photocon-
ducting materials. If photoconducting pigments or particles are im-
bedded in an insulating matrix and an external field is applied during
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illumination, the charge carriers will move to one or the other end of
the particle. If the photoconducting pigments are suitably consfructed,
the charges will be trapped after illumination has ceased and the field
has been removed. The result is a persistent internal polarization.39.80
The external fields resulting from this internal polarization can attract
toner particles to produce an image.

Another variation of the use of external fields during exposure
is that in which a powder toner is injected into the field region
between an insulating paper and a photoconducting plate. Illumination
of the plate causes parts of it to be conductive and will distort the
electric field lines in the toner region. If the toner follow the field
lines, it will travel to areas that are still insulating rather than to
those areas that are conducting, thus forming an image.5?

A system in which the toner particles themselves are photoconduct-
ing has been described.”® When illuminated in the presence of an elec-
trical field, the particles exchange charge with an electrode. Once
charged, they travel under the influence of the electrical field to the
opposite electrode. If the toner particles are made of dyes that selec-
tively absorb light in specific regions of the visible spectrum, only those
particles with specific spectral absorption regions will be charged and
produce a colored image representing the color of the incident light.

Another external field system uses photoemission. Light striking
the photoemitting surface causes electrons to be collected on an insulat-
ing surface under the influence of an accelerating field. The image is
made visible by developing with a powder or liquid toner material.*’
If the photoemitted electrons strike insulating wires in the vacuum
system faceplate, the wires may be used to transfer the charge to
insulating paper outside the vacuum system.?8

Electrostatic screen printing uses fixed metal masks to form the
image. Powder toner is attracted through holes in the mask by an
external field and strikes an imaging surface placed between the mask
and a conducting electrode. A more recent innovation is the use of a
mask or mesh coated with insulating photoconducting material®® The
mask is corona charged and then exposed. The light locally reduces the
charge on the mask and alters the electrical aperture of the mesh.
Where the electrical aperture is large, powder toner is accelerated
through the mask by an external field and strikes the printing surface
placed between accelerating electrodes.

Electrodeless Systems

Fig. 4 lists electrodeless systems where internal electrical fields provide
the energy for imaging. The most commonly used form of electro-
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photography as we know it today is the develespment of a latent electro-
static image on a precharged insulating photoconductor as described by
Carlson in 1938.1! When suitable charged toner particles are brought
into contact with the latent electrostatic image, those regions not
exposed to light, and still charged, attract the toner, while the dis-
charged, exposed regions do not. The first public announcement of
Carlson’s process was made in 1948.140

LIGHT SENSITIVE PRE-EXPOSURE VISIBLE
MATERIAL PREPARATION EXPOSURE LATENT IMAGE MECHANISM DEVELOPMENT

Insulating P.C. Corona Optical Electrostatic  P.C. Discharge Powder- {140}
Reuseable Plate  Charge Transfer
Insulating P.C. Corona Optical Electrostatic  P.C.Discharge Liquid/ {180}
Coated Paper Charge Powder —
Direct
Reuseable Plate  Optical Corona Persistent P.C Discharge (81)
or Coated Paper  Image Conductivity
Coated Paper None Opticat  Persistent Electro-less  Electro-
Conductivity  Plating Plate  (7,78)
Coated Paper None Optical  Persistent Electrolytic  Electro-
Conductivity Plate  (78,174)
P.C. Thermo- Corona Optical Electrostatic  Deformation Heat  (40,44,177)
plastic Charge
Laminar Particles Corona Optical Electrostatic  Particle Heat (84}
in P.C. Binder Charge Orientation

Fig. 4—Electrophotographic systems using stored energy.

To avoid having to transfer the toned image from the insulating
photoconductor to paper, the photoconducting layer may be coated
directly on the paper. It was found that white, French-process Zn0
powder (produced by burning zinc in air) in an insulating resin
binder could act as an electrophotographic layer.®® This direct electro-
photographic process was first reported in 1954 by Young and Greig™®
and was called Electrofax.* Greig also reported on the use of dye
sensitization to extend spectral response.

While these two systems have been the most successful of the
commercial electrophotographic systems using internal fields, there
are other useful electrophotographic systems that do not use an external
field. One, which makes use of the persistent conductivity following
exposure, reverses the charging-exposure cyele.® Another variation of
persistent conductivity is the reduction of metallic ions in an electroless
plating process by the light-excited carriers. The resulting latent image
can ke enhanced by further electroplating.”.7?

* Electrofax is a registered trade name of RCA.
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Persistent conductivity of the photoconductor can be used with
external field developing systems. One such system uses the persistent
conductivity of a Zn0-binder layer to electrolytically deposit metal ions
from an aqueous solution following exposure.?8.174

A thermoplastic insulating photoconductor has been used for pro-
ducing images. It is charged, exposed, and then heated. The electro-
static forces in the charged areas cause the layer to deform producing
a ripple or deformation image that can be viewed by Schlieren pro-
jection. Further heating will erase the image and the layer can be
re-used.#0.44.177 Various forms of surface crazing induced by electro-
static fields in conjunction with heat or a vapor atmosphere have also
been used for imaging.123

Laminar particle orientation has been used to prepare opaque or
transparent images. Colloidal substances such as graphite or aluminum
having a plate-like structure are embedded in a thermoplastic, photo-
conducting, insulating binder with random orientation forming an
opaque layer. The plate is charged and imaged to produce a latent
electrostatic image. Heating and softening of the layer allows the
particles to align themselves with the electrical field in the nonimaged
areas which then transmit light. Resolutions of 11 lines per mm have
been reported with a contrast ratio of 40:1.*

2. The Electrophotographic Process

The most common form of electrophotography today uses an insulating
photoconductor which is charged, exposed and toned to produce a visible
image. The toner particles may be the same or opposite in charge to
that of the latent electrostatic image, giving either a positive (direct)
or negative (reversal) image of the original. The operational steps are
illustrated in Figure 5.

2.1 Charging

The most common charging method used today is the corona-type
charger used by Carlson.!? It consists of insulated fine wires supported
in a conducting shield and positioned close to the electrophotographic
surface. The voltage on the wires is several thousand volts. With wires
of about 3 mils diameter, this is enough to produce a glow discharge in
the high field region around the wires. The dc field between the
wires and the photosensitive surface moves the ions to the insulating
photoconductor surface where they are trapped in the dark.

The ionic composition of the glow discharge in various ambients
has been measured with a mass spectrometer.’4® The major negative
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constituent at atmospheric pressure in both nitrogen and oxygen is
reported to be CO3—. Positive corona in air yields primarily (H;0) +.
The actual ionic species on the surface of the insulator is still a matter
of speculaton.
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Fig. 6—Operational steps in electrophotography with stored-energy sys-
tems.

In some systems, the surface is charged to saturation, i.e., the
surface is given as much charge as it will take. If there is danger of
causing irreversible breakdown through the insulator, the surface
voltage of the photoconductor can be limited by reducing the voltage
on the corona wires or by using a grid of fine wires between the
insulator surface and the corona wires.16?

Since the voltage should be across the photoconductor only, the
substrate which supports the photoconductor should be more conduct-
ing than the layer. In systems where the photoconductor is used as a
transfer medium and re-used for each image, it is usually on a metal
substrate. In direct imaging systems where the photoconducting layer
is coated on paper, it was recognized very early that the paper should
be treated to make it conducting enough to allow charge to travel
through the substrate to the paper base side of the electrophotographic
layer. Since paper conductivity varies widely with humidity, this con-
ductive treatment is particularly important in low relative humidity

414 RCA Review e Vol. 33 ¢ June 1972




ELECTROPHOTOGRAPHY

conditions.%8 To prevent the paper from sticking to the metal ground
plate, a double corona system can be used, which places an equal and
opposite charge on the back of the paper base, thus avoiding induced
charges in the ground plate.45

2.2 Exposing

After the layer is charged in the dark, it is exposed with an optical
image of the document to be reproduced. Where light strikes the
layer, the charge is dissipated. Where the layer has not been exposed,
the electrostatic charge remains forming a latent electrostatic image
of the original.

The exposure may be from an illuminated opaque original, the
image being focused on the electrophotographic surface with a lens.
This is the most common method used in office copiers. The image
may also be from transparent full-size film or microfilm, from cathode-
ray tubes, or from any type of light-image-forming device. The light
source used for illumination should have a spectral distribution that
matches the photoconductor. Only the light absorbed by the photo-
conductor is useful in discharging the layer, and a bad mismatch
between the light source and the photoconductor will lower the speed
of the system. Fig. 6 illustrates the match between a commercial dye
sensitized Electrofax paper and a P-11 phosphor in a cathode-ray
tube.

The maximum quantum efficiency of the corona-charged electro-
photographic layer is unity. The energy required to discharge the layer
at maximum absorption is 5 to 50 ergs per cm2. Any loss of Eght by
transmission through or reflection from the layer as well, as any loss
of charge carriers generated by the light, will increase the energy
needed for discharge and reduce the quantum efficiency.

2.3 Toning

Following exposure, a latent electrostatic image is formed. This image
can be made visible by bringing charged toner particles close to the
surface of the insulating photoconductor.

The toner particles may be dry powder that is transported to the
insulator surface by a carrier of some inert material. Two types of
carriers are insulating glass beads and fine magnetic particles.53 The
toner particles are pulled away from the carrier and adhere to the
charged areas of the image. Toner particles may also be suspended in
insulating liquids which act as a carrier.112.113 When the latent-electro-
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Fig. 6—Light sensitivity of typical ZnO-resin binder layers compared with
light output of cathode-ray tube.

static-image surface is immersed in the toner bath, the toner particles
adhere to the charged image areas making the latent electrostatic image
visible.

The visible image formed by the toners may be transferred to
ordinary paper if the photoconductor is to be re-used. In such cases,
a piece of ordinary paper is brought into contact with the toner, and
the toner is transferred electrically by applying an appropriate elec-
trical field. If the insulating photoconductor has been applied to the
surface of the final piece of paper, as in Electrofax, no transfer step
is required.

2.4 Fusing

The final image must be fixed to the paper so that the toner cannot
escape when handled. In the case of powder toners, this is accomplished
by heating the thermoplastic toner particle so that it becomes soft and
adheres to the paper. In the case of liquid toning (generally used when
the insulating photoconducting surface is on the paper), it is possible
to add to the liquid vehicle agents that fix the image when the liquid
vehicle has evaporated. Mild heating or hot air blowing over the sheet
is sometimes used to enhance the evaporation at normal office-copier
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speeds. In very high speed machines, the liquid-suspended toner may
be coated with a thermoplastic and heated to fix permanently.

These four or five steps, depending on the system in use, are the
most common methods for practicing electrophotography today. It
is also possible to transfer the electrostatic charge pattern (formed
by charging and exposure) to another sheet which is thereafter
toned.1®® This process will not be discussed.

/PNOTOCONDUCTOR
_ -— SURFACE CHARGES DEPOSITED
BY CORONA

LIGHT ABSORPTION
CONDUCTING REGION
SUBSTRATE

Fig. 7—Optical generation of carriers by strongly absorbed light in an ideal
photoconducting layer. In the ideal layer, all carriers are trans-
ported to the appropriate surfaces.

3. The Electrophotographic Layer

3.1 The Physical Model

In the ideal case, we assume the electrophotographic layer is a homo-
geneous, perfectly insulating photoconductor.!™ Charge of one sign
is uniformly deposited on the free surface. The compensating opposite
charge appears at the conducting substrate. The layer charges as a
simple capacitor with no space charge in the volume of the layer. The
relation between surface charge density and voltage is linear and
no current flows in the dark.

Illumination of an ideal layer by strongly absorbed light generates
electron-hole pairs as shown in Fig. 7. Every incident photon is
absorbed and generates a hole—electron pair in a narrow region close
to the charged surface. Recombination takes place only at the sur-
faces where the optically generated carriers and the surface charges
recombine. Every photon neutralizes one charge for a quantum effi-
ciency of one. The decay rate of voltage with time under constant
illumination is linear and there are no response time effects due to
carrier trapping. If the charged layer is illuminated with a light pulse
of short duration compared to the charge-carrier transit time, there
will be a linear decay in voltage with time up to the transit time; at
that point there will be a sharp kink after which the voltage is constant,
if diffusion effects are neglected. We assume, further, that the number

RCA Review e Vol. 33 e June 1972 417




(per cm?) of optically excited mobile charges drifting in the field is
small compared to the number (per em?) of charges on the surface.

In real electrophotographic systems, intrinsic and operational effects
complicate the ideal picture.

Charging

In charging, practical systems show evidence of volume space charge,
injection at contacts, and localized breakdown. These phenomena have
varying importance depending on whether the electrophotographic ma-
terial is a one- or two-carrier system, the relative sign of the deposited
surface charge with respect to the volume space charge, and the surface
and substrate contact limitations.

In depositing surface charge on a one carrier material when the
sign of the corona deposited charge is the same as that of the mobile
charge, a space charge of sign opposite to the surface charge will form
if mobile carriers are available in the conduction band or in shallow
trapping states.2 For example, if negative corona charge is deposited
on the surface of an n-type layer, electrons in the conduction band will
be swept out to the substrate. A net volume positive charge will
result within the layer which may or may not pentrate to the substrate
depending on the magnitude of the deposited surface charge and
density of electrons available to be swept out. For a uniform space-
charge distribution, the relations among surface charge, surface volt-
age, and space charge are shown in Figure 8. For a material with one
carrier mobile, a blocking contact is only required at the surface since,
by assumption, there is no conduction by positive charges and the
substrate contact need not be blocking.

For positive charging of the surface of an n-type layer, the sub-
strate contact must block electrons going from the substrate into
the layer. In this case, the field of the positive charges on the surface
attracts electrons from the volume of the layer. Depending on the
magnitude of the positive surface charge, the space-charge region,
now of the same sign as the surface charge. may be confined within
the layer or may extend to the surface. This situation is shown in
Fig. 9 for a uniform-density space charge. Note that for a given
surface voltage, the field at the substrate interface is greater for the
case in which the space charge is of the same sign as the surface
charge than for the case of opposite sign, shown in Fig. 8. Analogous
considerations apply for a p-type material.

For two-carrier materials, the substrate and the surface contact
must be blocking for the appropriate charge carrier. On charging by
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vt

UNIFORM VOLUME
o, CHARGE

SUBSTRATE ——
CHARGE ~--

+*
+ - SURFACE
+ " CHARGE

*
+

*

~==--- FIELD OR POTENTIAL
gF SURFACE CHARGE
*

~ == FIELD OR POTENTIAL
OF SPACE CHARGE

=—— SUM OF FIELDS OR
POTENTIALS; FIELD
OR POTENTIAL IN
LAYER

Fig. 9—Electrophotographic layer with positive surface charge, uniform
positive volume charge, and negative substrate charge showing
field and potential profiles.
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either sign of corona, both positive and negative charge carriers will
be swept out. A space charge will form if there are more thermally
available charge carriers of one sign than the other during charging.

It has been pointed out that the density of the space charge in
the volume of the electrophotographic layer depends on the density of
charges available to be swept out by the applied field. These charges
may be available in dark equilibrium or they may be the result of
previous light exposure. The latter case is referred to as the “fatigue
effect,” and is important in re-usable photoconducting plates.

Thus, the actual charge distributions depend on the sign of the
applied charge, the availability of carriers in the material, the prop-
erties of the contacts, and the history of the sample. Since the release
of carriers from traps may continue for significant times after charg-
ing, the charge distribution itself may vary with time.

Dark Decay

After charging, the surface voltage of an electrophotographic layer
decreases in the dark. Typical decay rates near the maximum surface
voltage are of the order of one volt per second. The dark decay may
have several causes. Charge may be injected from the surface or
the substrate. The rate of voltage decay from this process depends on
the rate of injection or breakdown and the motion of the charges
through the layer. Thus, in an n-type material, a leaky substrate
contact will result in greater dark-decay rates when the surface charge
is positive than when it is negative, since injected electrons from the
substrate move toward the surface more readily than injected holes.
Also, if a space charge forms in the layer upon charging, the electric
field at the substrate is greater when the surface deposited charge is
the same sign as the volume space charge (positive for an n-type ma-
terial). This higher field may lead to higher injection rates and
breakdown.

Injection of charge from the surface lowers the surface voltage
by decreasng the surface charge. Injection from the substrate reduces
the voltage by altering the charge geometry — the capacitance is effec-
tively increased since the charge spacing decreases. The surface charge
density need not decrease, although it eventually will when a charge
injected from the substrate recombines with a surface charge.

A bulk process that contributes to voltage dark decay and that
may not alter the surface-charge density is the release of carriers
from traps. Thus, for an n-type layer charged negatively, the surface
voltage will decay as the positive volume-space-charge density increases
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with time due to the release of electrons from traps. Such a process
may be responsible for increased dark decay after light exposure, the
fatigue effect. This situation is illustrated in Figure 10 in an energy
band diagram.

THERMAL EXCITATION
AND SWEEPOUT

#‘ 7ﬁ//'Ec

A = NEGATIVE
+ *-* +|+ *-**l*':** e SURFACE
~|"" CHARGE
TRAPPED
ELECTRONS
Ey

P

Fig. 10—Band diagram showing a possible dark decay process in which the
surface charge does not decay. Slow release of electrons from
traps increases the positive charge density in the volume thus
decr()easing the voltage. (Band bending is not shown for simpli-
city.

Light Exposure

In the ideal photoreceptor, light absorbed in a thin region near the
surface generates electron—hole pairs that drift toward the appropriate
surface charges. For each photon absorbed, one electron-hole pair is
formed and one surface charge is dissipated. In practical materials,
this simple picture is complicated by charge-carrier generation within
the layer by weakly absorbed light, a field-dependent quantum efficiency,
carrier recombination and deep trapping, and shallow trapping.

Light penetration into electrophotographic layers varies from strong
absorption within less than 1um of the surface to weak absorption
where the light excitation is nearly uniform throughout the layer.
This is a function of the material and the wavelength of the illumin-
ation. Weakly absorbed light, besides being inefficient in that only
part of the incident light is absorbed, can introduce complicating effects
in a one-carrier system. If the incident light generates carriers through-
out the thickness of the layer and if only one sign of carrier is mobile,
then as the mobile carrier is swept out, a space charge whose sign is
that of the immobile carrier is formed. This process gives an efficient
voltage decay to one-half the initial voltage and a relatively slow decay
for the remaining voltage in a simple model assuming no initial space
charge, uniform illumination, and long range for the mobile carrier.!3

There are two effects contributing to the inefficient voltage decay
after the voltage midpoint is reached as shown in Figure 11. At the
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voltage midpoint, the space-charge region breaks away from the sub-
strate and shrinks toward the surface. Since the effective capacitance
of the layer now increases with time, each neutralized charge carrier
contributes a decreasing amount of voltage decay. Also, since illumina-
tion contributes to the voltage decay only in a field region, a decreasing
portion of the light is effective in contributing carriers. If the deposited
surface charge sign is that of the immobile carrier, then the space-
charge region breaks away from the surface and shrinks toward the
substrate. The voltage decay is identical, however.
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Fig. 11—One carrier, uniformly illuminated electrophotographic I?yer show-
ing space charge resulting from electron sweep out. Field region
shrinks as electrons are captured at edge.

Recombination of carriers may take place through recombination
centers generated by the optical excitation in which case the recom-
bination occurs only in the illuminated region. This process should be
negligible except at high light levels. Recombination may also occur
between photogenerated free carriers of one sign and pre-existing
oppositely charged localized states.? This latter process may be associ-
ated with space-charge regions and is not confined to the illuminated
region. Both processes can act to lower the light-induced voltage decay
sensitivity. In the former case, carriers recombining in the generation
region do not contribute to the decay of surface charges or space
charges. In the latter case, charge js neutralized, but the charge car-
riers move through only a fraction of the sample thickness since they
are captured by centers that form a volume space charge. The voltage
change contributed by this motion of charge will be smaller than that
due to the motion of a carrier from the generation region to the op-
posite surface. In terms of charges neutralized, however, the sensi-
tivity is unchanged. In certain applications, charge neutralization may
be a more proper criterion of light sensitivity than voltage decay.

Carrier trapping is similar to recombination in that it limits the
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motion of free carriers. It is convenient to distinguish deep trapping
and shallow trapping. Deep trapping immobilizes a carrier in a local-
ized energy state for times long compared to times of interest. In
addition, the localized level is in a charged state after captmring the
carrier. Thus, deep trapping during light discharge results in the
formation of a space charge of sign given by the trapped carrier. Such
processes will result in a “residual voltage”'*'%_— a lower voltage
limit that is approached by the light-induced decay.

Shallow trapping does not affect the sensitivity of the photoreceptor,
but only the time dependent decay of the voltage. For example, a nega-
tive carrier optically generated near the negatively charged surface
will drift toward the substrate. As it moves through the layer, it is
captured and released by shallow traps. ‘Shallow” means that the
localized state is sufficiently close to the conduction band that thermal
energy can excite the captured carrier to the conduction band in times
of interest. The carrier may be captured and released many times as
it drifts toward the substrate and may spend much more time in trap-
ping states than in the conduction band.*' 1% 1%

The previous effects are concerned generally with the transport of
charge carriers and determine the distance traversed by a carrier and
the charge geometry. There are also effects involving the generation
of charge carriers by light. The absorption of a photon in certain
materials produces a bound electron-hole pair that dissociates under the
action of an external electric field.”® Thermal energy and the potential
energy of the field contribute to the dissociation. Such a process limits
the quantum efficiency in a way that depends only on electric field, and
not on a combination of electric field and sample thickness, as in re-
combination or deep-trapping processes.

3.2 Practical Electrophotographic Materials

Selenium

In electrophotography, the amorphous form of selenium is used. It has
a random chain structure, and is highly insulating and photoconduct-
ing. Electrophotographic plates are obtained by evaporation in vacuum
onto conducting substrates. Schaffert'® discusses the properties of
elemental selenium and effects on electrophotographic performance of
substrate, preparation procedures, and impurities.

The bulk substrate material is not as important to performance as
the character of the substrate surface and its preparation. The sub-
strate surface conditions have a large effect on the voltage dark decay
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characteristics for both polarities of surface charge. Chemical cleaning
treatment reduces the dark-decay rate.”*® The dark-decay rate on clean
aluminum supports, however, may be too high, and it is necessary to
form a layer of Al,0; at least 15 & thick on the aluminum surface before
Se deposition.”*® This oxide layer acts as a barrier for carrier injection
from the substrate. It is thin enough so that the voltage drop across
it, which is limited by the breakdown field, is negligible when compared
to the voltage across the photoconductor.

The deposition onto the substrate of various materials before sel-
enium evaporation affects electron- or hole-injection properties at the
interface. Thus, Se0,, Te, Ge, and crystalline Se give increased hole
injection; As,O, enhances hole and electron injection; and As and
ZnS have no effect. Similar effects occur at the free surface of a
charged Se plate. Isopropanol and ammonia form a barrier that in-
hibits the decay of positive surface charge, while the injection is
enhanced by ferric chloride, ozone, and chloranil.**

Various parameters, such as residual gas, apparatus geometry dur-
ing the selenium evaporation, and evaporation rate, affect the electro-
photographic properties. Substrate temperature during deposition of
the selenium has large effects and has been studied in some detail.’*
These effects may involve structural defects, interactions with the
substrate, or the formation of crystalline selenium.

The principal effect of impurities and doping is to change the elec-
tron or hole range (the mobility-lifetime product). Some impurities
act to increase light fatigue which suggests the introduction of trapping
states. Red response can be enhanced with a 25% As-Se alloy.”

The optical and photoconductive properties of selenium and the
light-induced discharge of selenium electrophotographic layers have,
until recently, not been well understood. It is well known that the
optical absorption edge is shifted to significantly longer wavelengths
than the photoconductive edge. For example, light absorption com-
mences at about 6,500 A, while measurable electrical effects begin at
about 5,500 A, as shown in Fig. 12. Another problem has been the
decrease in sensitivity with decreasing voltage as the light-induced
voltage decay proceeds.

An explanation has been proposed based on carrier range and re-
combination effects for the decreasing rate of change of surface voltage
as the voltage decreases with exposure to strongly absorbed light.'®
Two effects determine the voltage discharge curve in this model. In the
optical generation region, recombination occurs which reduces the
quantum efficiency. Also, as the holes drift through the bulk to the
substrate, some are captured in deep trapping states. The limitation
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Fig. 12—Optical absorption coefficient and quantum efficiency for vitreous
selenium at room temperature. (Adapted from J. L. Hartke and
P.J. Regensburger, “Electronic states in vitreous Se,” I’hys. Reyv,,
vol. 139, p. A970, 1965.)
on the sensitivity depends on the ratio of the average distance traveled
by a carrier, urE, to the sample thickness L, where p is the mobility,
r i8 the carrier lifetime, and E the electrical field. In the model, the
range, pr, limits the distance traveled by carriers to a fraction of the
sample thickness. This limitation demands that the sensitivity of a
layer depend on both field and thickness. Also, since the carrier range
is limited by trapping within the layer, a signficant residual potential
must result if the decrease in slope of the voltage decay curve is
ascribed to a range limitation.

Tabak and Warter™ **® point out that these two requirements are
not met. The sensitivity does not depend on sample thickness, but only
on field, as shown in Fig. 13. Thus, a model dependng on carrier range
cannot explain the light-induced voltage decay curve. Also, observed
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Fig. 13—The lower data show the hole-photocurrent-applied-field character-
istic as a function of sample thickness for a 4300 A msec light
exposure. The upper curve gives the total voltage pulse height
(integral of the current) as a function of the applied field for a
b nsec exposure. (Adapted from Ref. 150.)
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residual voltages are too low to fit the range-limited model. The field,
temperature, and wavelength dependence of the photosensitivity imply
a field-dependent optical generation process.* ™ Viscakas has also
advanced this suggestion.”™ An absorbed photon generates a tightly
bound electron-hole pair. Free carriers are then formed by field-
assisted thermal dissociation. Reasonable agreement with a simple
calculation of the generation rate based on the Frenkel effect®® is ob-
tained. The field-assisted thermal dissociation process also provides an
explanation for the lack of photoconductivity at the longer wavelengths
absorbed by selenium. At these longer wavelengths, a bound pair is
formed, but the thermal and electrical potential energy are insufficient
to dissociate the pair.

While the number of holes captured within the bulk of the selenium
layer during any one photodischarge is insufficient to explain the de-
creasing voltage decay rate by a charge fatigue effect, it has been
shown'! that a small fraction are captured in each discharge and, that
after many cycles, the captured holes form a nearly uniform positive
space charge within the layer. This captured space charge is respons-
ible for cycling “fatigue.”

Zinc Oxide-Resin Binder Layers

The most widely used electrophotographic pigment-resin binder layers
contain photoconducting ZnO powder as the pigment. The ZnO grains
may be classified grossly as parallelopipeds with dimensions of 0.3 to
0.4 microns. Since ZnO is the commercially important pigment, much
more effort has been devoted to understanding this system than others.

Zinc oxide is an n-type semiconductor and a photoconductor. Light
of wavelength shorter than about 3,8504 is strongly absorbed and in-
duces photoconductivity.”” Some absorption and photoconductivity may
extend into the visible depending on impurity content or stoichiometry.

Large single crystals of ZnQ are normally conducting unless suit-
ably doped. In powder form, however, the large surface-to-volume
ratio of the ZnO grain cnables surface effects to dominate the bulk
electrical properties of the grain. A well-known example of the domi-
nance of surface effects in ZnO is the influence of oxygen on the con-
ductivity, which has been studied in ZnO thin films, powders, and single
crystals,'® 17112 Thege experiments suggest that adsorbed atomie
or molecular oxygen from the ambient captures ZnO conduction-band
electrons and immobilizes them in a chemisorbed oxygen surface state.
Tle effect of the oxygen is illustrated in Fig. 14. Heating or optical
excitation can neutralize the chemisorbed oxygen which may then be
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removed into the ambient. In this manner, ZnO can be cycled between
a relatively conducting and a highly insulating state by alternate
desorption and adsorption of oxygen.

The importance of chemisorbed oxygen in reducing the conductivity
of powder grains is important for the charging properties of ZnO-resin
electrophotographic layers.***'® In the absence of oxygen, a large
density of free and trapped electrons would be available. Upon negative
corona charging, the large positive space-charge density generated by
the sweep out of these electrons would result in a very low surface
voltage, if any. The voltage drop for this high-density depletion layer
would occur across only a small fraction of the layer thickness.
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Fig. 14—Insulating effect of chemisorbed oxygen on ZnO powder particle.
(Adapted from J.A. Amick, “A review of Electrofax behavior”,
RC.A\ Review, vol. 20, p. 7563, 1959.)

Other substances, in addition to oxygen, affect the surface condition
of the ZnO grains. Large effects on the dark and photoconductivity of
ZnO powder are induced by water vapor present in the ambient.*'** At
low concentrations, the presence of water vapor increases photocon-
ductivity, possibly by an electron liberating reaction with chemisorbed
oxygen. At high concentrations, photoconductivity decreases due to
trapping of conduction band electrons by chemisorbed OH—. The hu-
midity dependent properties of the binder layer have been studied by
using metallic or other substrates whose conductivity is not humidity
dependent.®

Many additives and binder modifications for ZnO-resin layers will
cause modification of maximum surface voltage, dark decay rate, light
sensitivity, and light adaptation properties. Very little is known about
the actual mechanisms involved, but the phenomena suggest that these
additives are surface active agents for the ZnO grains and that they
alter the charge-carrier concentration of the grain in a way similar
to the oxygen effects.
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Coating properties depend on resin dielectric constant and acidity.
Coatings with nonpolar banders (dielectric constant below 2.7) have
relatively low saturation voltage while polar binders (dielectric con-
stant above 3.0) contribute to a higher top voltage.”® Increasing resin
acidity results in higher saturation voltage.’ If the polar and acid
groups act to immobilize ZnO conduction band electrons by trapping at
the grain surface, then the higher voltage obtained with such coatings
represents a decrease in the electron concentration available to be
swept out upon corona charging. Positive space-charge density is rela-
tively low or negligible in such coatings and, for a given surface-charge
density, the measured surface voltage is higher.

Polar and acidic resins decrease the voltage decay rate under illu-
mination. Several mechanisms are possible. The acid groups may act
as deep traps for the optically generated carriers, or the higher acidity
resins may wet the ZnO more completely during the dispersion process.
Compared to less acid resins, more resin would separate the ZnO grains
from each other and the motion of carriers would be inhibited. This
encapsulation effect was demonstrated by Kurita® who measured the
photosensitivity of charged electrophotographic layers of ZnO with
stearic acid as binder. For less than monolayer coverage, the sensitivity
was comparable to that of the usual layer. At and above monolayer
coverage, the photosensitivity was decreased by a factor of 100. It was
concluded that, in the normal layer, the ZnO grains touch each other.

A large variety of coating additives have been described. Electron
acceptors such as H,0,, benzoyl peroxide, and potassium permanganate
increase the maximum surface voltage.!® Several materials are re-
ported to decrease the voltage decay rate in the dark.**** Cupric ion de-
creases the effects of light adaptation.* On the other hand, reducing
agents increase the dark-decay rate.® These various effects are con-
sistent with a charge transfer mechanism occurring at the grain sur-
face which immobilizes or, in the case of the reducing agent, frees
carriers.

With negative polarity charging on a dark adapted ZnO-resin
layer, a large fraction of the charge is distributed as in a simple
capacitor.**»'*® This reveals the highly insulating state of the ZnO
crystals resulting from the immobilization of electrons at the crystal
surface as discussed previously. When light adapted, a negatively
charged layer exhibits a greater positive space charge, which accounts
for the well-known decreased sensitivity with previous light exposure.
Amick® has used the light-induced voltage decay to measure the space
charge density which varied greatly depending on the ZnO type.
Hoesterey®” has measured the dependence of the saturation negative
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potential on sample thickness. The saturation voltage increased with
thickness up to a critical thickness beyond which the voltage was con-
stant. This behavior is interpreted in terms of a depletion-layer model.
The maximum depletion-layer thickness is given by the surface-charge
density (limited by breakdown) and the charge density in the depletion
region. Increasing the sample thickness beyond this critical thickness
will not increase the voltage, since no field or voltage drop exists out-
side the depletion region. Hauffe and Stechemesser® suggest that the
surface negative charge is not confined to a surface plane, but is dis-
tributed over some distance near the surface of the layer.

It seems clear that depletion-layer effects are important in the
charging properties of ZnO-resin layers. Very few workers have con-
sidered the surface voltage and the charge as independent parameters.
This is the only way one can study the depletion-layer properties.
Several techniques have been used. Ruppel, Gerritsen, and Rose*"* %
measured the charge delivered while charging up the layer. Amick?
used known amounts of charge generated by light for the neutralization
of the deposited charge. Recently, the neutralization of the surface
charge with known amounts of opposite-sign corona charge has been
used to measure charge density and charge geometry of ZnO-resin
layers.*** This technique eliminates the complicating effects of con-
duction through low resistivity paths, breakdown near the maximum
voltage, and the complicating effects of light. Further, it can be used
to study the charge density and geometry of layers after partial dark
or light discharge.

Thus far, the possible influence of inhomogeneities on the charging
properties have been ignored. Elder® found that larger currents could
be passed between a high voltage point corona source and a grounded
metal plate when the plate was covered with a ZnO-resin layer. This
surprising result suggests that a positive ion discharge takes place at
the surface of the layer while it is being charged, resulting in the in-
creased current. The positive discharge, which is sometimes accom-
panied by visible light emission, occurs at high field regions on the
surface associated with the inhomogeneous structure of the layer.
Hoesterey® also has suggested that the microscopic inhomogeneities
of the coating are important and that breakdown occurs in localized
spots. Surface voltage is limited, then, not by a uniform breakdown,
but by the fact that the corona current flows through localized con-
ducting spots. Recent papers describe techniques for studying the
inhomogeous, grainy nature of ZnO-resin binder layers.’

Many ZnO-resin binder layers do not accept as high a positive
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surface voltage as they do negative, and the positive voltage decays
more rapidly in the dark than the negative. The importance of the
substrate in positive charging has been demonstrated.® As discussed
for the ideal photoreceptor, the blocking nature of the substrate con-
tact is important when the surface charge is of sign opposite that of
the majority carrier. The electrical properties of the layer are also
important, since it is observed that, with a given substrate, the positive
charging properties vary with the ZnO and resin used.'™
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Fig. 15—Schematic of charge and field in a layer for two polarities. The
voltage is limited by the same substrate breakdown field in each
case.

Simple electrostatic considerations suggest that, if surface voltage
is limited by breakdown at the substrate, the presence of space charge
in the layer will have a large effect on the difference between the mag-
nitudes of the maximum surfice voltages for negative and positive
charging. For the simple case illustrated in Figure 15, the difference
in the magnitudes of maximum surface potential is given by

AV=|V_|—|V |=Ned?/e

where Ne is the space-charge density and d the thickness. The break-
down field at the substrate is assumed to be independent of polarity.

Several processes may contribute to the dark decay of the surface
voltage of pigment binder layers. These include the release of charge
from the corona deposited ions by thermal excitation or tunneling,
electrical breakdown or injection at the surface or substrate, and the
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generation of free carriers from traps in the volume of the sample.
Inhomogeneities in the layer may lead to varying decay rates in dif-
ferent surface regions.*

The parameters affecting dark decay have been investigated for
negative surface charging. Inoue™ found that the dark-decay rate
varied only slightly with the ratio of ZnO to silicone resin binder. For
the same materials, the dark resistivity varied two orders of magnitude
over the same range of pigment-binder ratio. There is no necessary
connection between the resistivity of a material (as measured with
ohmic or nonblocking contacts) and its surface charge-storage prop-
erties. Very high humidity leads to very rapid dark decay rates.* Dark
decay is faster when the ZnO-resin mixture has been milled for pro-
tracted periods.*®

TIME(min)

Fig. 16—Dark decay of negative surface charge of ZnO-silicone resin layer;
1, in oxygen; 2, in air. (Adapted from K. Hauffe, “Electrophoto-
graphie”, Die, Naturavissenschaften, vol. 54, p. 181, 1967.)

Hauffe and Stechemesser® suggest that the usually observed initial
rapid voltage decay shown in Fig. 16 is due to electron tunneling from
surface states, and that the slower decay at lower voltage is due to
space-charge formation as formulated by Schaffert’™ for selenium
layers. However, in a study of the electrophotographic properties of
single crystals, Kiess®*® found little dependence of the dark decay on
field, which seems to rule out a tunneling process, at least for the
single crystal.

Various forms of the light-induced voltage-decay curves with time
have been reported. Fig. 17 shows two representative curve shapes.
Different samples of ZnO-resin layers yield different response curves,
or a difference in sample history or illumination intensity can yield
these two different shapes.

One of the earliest published analyses of light-induced voltage decay
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by Gerritsen, Ruppel and Rose*" **!*® gshowed that the discharge is due
to a primary, saturated photocurrent above several hundred volts,
where recombination is negligible; that trapping of electrons leads to
very long rise times for the photocurrent and to the low sensitivity
initial portion of the voltage decay curve; that hole motion was less
than 10—% cm; and that the quantum efficiency of the discharge pro-
cess was close to unity.

Ty * "INDUCTION " PERIOD

SURFACE VOLTAGE

TIME

Fig. 17—Two characteristic shapes of photodecay of ZnO-resin layers.
Induction period or tail may be more or less pronounced.

Amick® studied the light discharge of layers produced with various
ZnO powders by a pulse method. Coatings with a maximum surface
voltage of 400 volts or greater exhibited a pulsed light-discharge curve
that was approximated by a linear region at high voltage followed by a
quadratic at lower voltages. The linear region was related to the
primary saturated photocurrent in a simple capacitor geometry, while
the quadratic or curved region was related to the neutralization of a
positive space charge. Coatings that charged only to low voltages
exhibited only a curved region.

A study of response times showed that the characteristic S curve
was a function of pre-illumination, the illumination intensity and wave-
length (UV or visible), and the surface votlage* Pre-illumination de-
creased the low-sensitivity portion at the top of the S curve. These
and other effects were attributed to trapping of the electrons by posi-
tively charged centers. The initial slow part of the decay corresponds
to the filling of traps; electrons are captured and therefore drift only
part way to the substrate, and the sensitivity increases. One may
calculate a trap cross section for such a process assuming a mobility p
of 1 cm2/V-sec and a trap density N of about 1014/cm3. This trap
density is a reasonable value based on the typical S-shaped decay
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curve. The trap cross section is

vV

o> ~ 10—13 cm2

NvL*

where v is the thermal carrier velocity (~ 5 X 107 cm/sec). Thus, the
cross section is that of a coulomb attractive center and this supports
the model.

The slow initial portion of the light decay has also been attributed®
to recombination of photogenerated electrons with oxygen atoms or
molecules at the ZnO surface, resulting from the neutralization of
negative ions by the photoexcited holes. The neutral atoms or molecules
gradually desorb and the recombination then decreases.

The previous models for the discharge have assumed a homogeneous
layer. The rough surface and particulate nature of the pigment-binder
layer may provide alternate explanations, which are difficult to test.
The ZnO-resin layer has been pictured as a layered structure of poten-
tial barriers. The discharging of these barriers requires a certain
amount of photoexcited electron—hole pairs, which results in the slow
initial discharge.’*® However, such a barrier model requires weakly
absorbed light for discharge.'” Strongly absorbed light (UV) would
only produce a partial discharge. It is well-known, however, that UV
light results in complete discharge with a quantum efficiency near
unity-la,ﬂ,ﬂ,lu

Other Pigment-Binder Layers

Electrophotographic titanium dioxide binder layers have been studied
by Nozaki and Iida."*® The charging properties depend on the binder;
for example, a silicone resin layer has too fast a dark decay, while a
polyester resin is more suitable. Milling beyond 20 hours decreases the
saturation voltage and the light sensitivity. Several dyes that sensitize
the Ti0, layer are listed. In a later paper, the same authors reported a
systematic study of the dependence of electrophotographic properties
on the resin and proportions used.” It was found that resins with a
higher dielectric constant contributed to a faster recovery from light
adaptation.

The dependence of surface voltage and light decay on the thickness
of CdS binder plates has been analyzed in terms of a range-limited
model.”" It is surprising that even for a 216-um layer there was no evi-
dence of space charge. This requires that the trap density be less than
1012/em3. ZnCdS binder plates for a transfer process have also been
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studied.”* Decreased fatigue effects and sensitivity comparable to
amorphous selenium are claimed for a co-precipitate of CdS and CdCO,
dispersed in acrylic resin.'®

Organic Photoconductors

Gutman and Lyons* discuss the photogeneration processes in organic
materials. Intrinsic photogeneration is characteristic of the bulk photo-
conducting material itself and may be a one- or two-quantum process.
Intrinsic one-quantum processes include the formation of charge car-
riers by direct ionization, which has a small probability in most or-
ganic materals, and the production of bound carrier pairs, excitons,
that are dissociated to form charge carriers by thermal energy or
electric field ionization. Two-quantum processes are not expected to
be important in electrophotography because of the low quantum effici-
ency. Extrinsic processes include the photoexcitation of trapped car-
riers and the interaction of excitons with impurities or surfaces. The
product of the latter process is usually a free hole and a bound electron.

Pohl™ has reviewed the influence of structure on the electrical
properties of organic materials. The electrical properties of a polymer
depend on a mixing of electron orbitals of the constituent atoms or
molecules forming the polymer. Thus, all semiconducting polymers are
conjugated, that is, possess a series of alternately single and double
bonds along the polymer chain. Such a structure leads to the orbital
overlap required for charge carrier mobility. Not all conjugated poly-
mers possess this overlap, however, since various structural parameters,
such as the presence of an interfering side group, can disturb the
electronic interaction among the single-and double-bonded atoms or
molecules. The importance of conjugation and the general features of
photoconductivity in organic materials have been summarized by
Weigl.'™

A large variety of organic materials have been proposed for elec-
trophotographic use. These may be grouped into three classes — thin
films of molecular solids (such as anthracene), solid solutions (molec-
ular dispersions) of photoconducting materials in insulating binders,
and photoconducting polymers.

One of the first materials used in electrophotography was sublimed
authracene.™ Such plates, and other thin films of organic molecular
solids, are usually not sufficiently sensitive for practical use. A large
literature describing conductivity and photoeffects in such materials
exists (see, for example, Gutman and Lyons®), but there are few re-
ports of electrophotographic use.
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The leuco bases of triphenylmethane dyes are interesting examples
of molecular dispersions of organic photoconductors in an insulating
matrix or binder as first reported by Greig®® and later explained by
Mehl and Wolff.!® In particular, the leuco base of malachite green as the
photoconductor in a polyvinylchloride copolymer or sucrose benzoate
inert binder was studied. A trace amount of the leuco base is oxidized
after the layer is formed and acts as a spectral sensitizer. The photo-
conduction proceeds by a thermally activated carrier “hopping” be-
tween leuco base molecules.

Among the photoconductive polymers, polyvinylcarbozole (PVK)
has received much attention. Hoegl® reported on the dye sensitization
and Lewis acid doping of PVK. Charge-transfer effects associated with
acceptors and donors affected the photoconductivity. The degree of
polymerization was not important. The dye sensitization and chemical
doping of PVK was studied by Hayashi.® It was found that cationic
(basic) dyes were better sensitizers than anionic (acidic) dyes. The
addition of strong acids or acceptors increased fatigue due to carrier
trapping. Malachite green dye sensitized photoeffects in PVK have
been studied.'*”

The optical generation and transport of carriers in PVK has
been examined.!*'™ Trapping of carriers was negligible and both
the carrier generation efficiency and mobility were proportional to
the square of the electric field. Some sort of field-activiated process
thus governs the transport. A recent patent describes a higly photo-
sensitive layer composed of PVK and 2,4,7-trinitro-9-fluorenone.'®
Schaffert has described the electrical and optical properties of this
layer.#

Many other organic materials have electrophotographic applications.
Table 1 lists some of these materials and references or patents. Various
other materials have been proposed for electrophotography, most for a
toner transfer process. These are listed in Table 2.

3.3 Spectral Sensitization

The sensitization of photoelectronic and chemical phenomena in solids
is of great commercial and scientific interest. Silver halide photog-
raphy, as we know it, exists only because of the spectral sensitization
of the silver halide grains by organic dyes. In many forms of electro-
photography, sensitization is needed to extend the spectral response of
the photoconducting layer into the visible spectrum. This increases the
sensitivity to normal light sources and permits the copying of colored
material.
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Table 1—Organic Photoconductors for Electrophotography

Author(s)/Inventor(s)

Reference(s)

Material (s)

P. M. Cassiers et al

Belg.Pat.
588,060 8/26/60
589,994
589,995
590,299

Vinyl polymers

P. M. Cassiers et al

USP 3,113,022 12/3/63

Photoconducting vinyl
with diazonium salt

P. M. Cassiers et al Can.Pat. Photoconducting
678,920 1/28/64 polymers

P. M. Cassiers Belg.Pat. Photoconducting

R. M. Hart 599,627 5/16/61 polymers from
Friedel-Crafts
catalyst

P. M. Cassiers USP 3,240,594 3/15/66 Halogenated polymers

R. M. Hart

P. M. Cassiers USP 3,140,946 7/14/64 6-hydroxy-2-phenyl-

J. F. Willems 3- (p-dimethyl
aminophenyl)-
benzofurane

P. Chiorboli et al Ric.Sci. 38 (9) 796 Dibenzothiophene

(1968) (English)

L. A. DuPlessis

USP 3,440,044 4/22/69
Dow

Anthroic acids and
metal anthroate salts

C.J. Fox Brit.Pat. 1,143,340 4-diphenyl amino

2/19/69 Kodak chalcone pigment
in binder

C. J. Fox USP 3,265,496 8/9/66 Tertiary amine

C.J. Fox USP 3,387,973 6/11/68 Triphenylamines

A. L. Johnson

0. Gorgon Czech Pat. Pyrazolines
127,914 6/15/68

H. G. Greig RCA Review 23, 413 Solid solution of photo-
(1962) conductor in binder

Y. Hayashi Bull.Chem.Soc.Jap. 39, PVK

1660 (1966)

Y. Hayashi et al

Bull.Chem.Soc.Jap. 39,
1670 (1966)

Polyacenaphthylene
and PVK

Y. Hayashi USP 3,438,773 4/15/69 PVK formulation for
H. Oido Matsushita continuous tone
W. A. Hewitt USP 3,341,472 8/26/63  Condensation of 9

A. H. Sporer Na- carbazone

H. Hoegl J.Phys.Chem. 69, 755 PVK with electron

(1965)

acceptors

(continued on next page)
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Table 1 (Contd.)
Author(s)/Inventor(s) Reference(s) Material (s)
H. Hoegl Germ.Pat. Lewis acids as sensi-

1,127,218 4/5/62
USP 3,287,114-123
11/22/66

tizers for organics

H. Hoegl et al Can.Pat. Polymerized vinyl
678,946 1/28/64 heterocyclic cpd.

H. Hoegl Can.Pat. Polymerized
678,948 1/28/64 aromatic cpd.

H. Hoegl USP 3,307,940 3/7/67 Polyacrylamides

H. Schlesinger

M. Ikeda et al Jap.J.Appl.Phys. 8, 759 PVK Sensitization
(1969) English

A. Inami et al Bull.Chem.Soc.Japan Nitroderivatives of
37, 842 (1964) polyvinyl aromatic

compounds
A. Inami et al J Polyacenaphthylenes

ap.Pat.
41-18,309 10/20/66

A. Inami et al

Jap.Pat.
42-19,751 10/4/67

Poly-3, 6-dibromo-9-
vinylearbazole

A. Inami Germ.Pat. 1,264,954 Polymers with donor

K. Morimoto 3/28/68 Matsushita and acceptor units

J. E. Jones J.Opt.Soc.Amer. 59, Absorbance and
877 (1969) response of organic

photoconduector

H. Kosche Belg.Pat. Metal complexes and
702,458 2/9/68 chelates

H. Kosche Germ.Pat. Reaction products of
1,296,001 4/12/62 isocyanates with
Renken-Belipa GmbH organic compounds

H. Kosche French Pat. Various organic
1,640,858 9/27/68 photoconductors
Renken-Belipa GmbH

A. 1. Lakatos Phy.Rev.Letters 21, Photoemission

J. Mort 1444 (1968) into PVK

F. A. Levina et al

USSR Pat.
169,395 12/18/65

Sensitization of PVK

J. Mammino

USP 3,408,187-189
10/29/68 Xerox

Lewis acids in resin

J. A. Mattor Belg.Pat. Condensation of
661,438 9/22/65 p-phenylenediamine
with halogenated
compounds
J. A. Mattor USP 3,314,788 4/14/66  Tetra-substituted

p-phenylene diamines
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Table 1 (Contd.)
Author(s)/Inventor(s)

Reference(s)

Material (s)

J. A. Mattor et al.

USP 3,290,147 12/6/66

Arylideneazine

Wolfgang Mehl
N. E. Wolff

J.Phys.Chem.Solids 25,
1221 (1964)

Solid solution of photo-
conductor in binder

K. Morimoto et al

Bull.Chem.Soc.Jap. 36,
1651 (1963)

Pyrazolines

K. Morimoto et al

J.Polymer Sci.Part A-1
5, 1699 (1967)

Reaction products of
poly (9-vinyl
anthracene)

K. Morimoto et al

Jap.Pat.
42-9,639 4/18/67

Poly-N-vinyl-3-amino-
carbazole

~

. Morimoto et al

Nat.Tech.Report 15 #2
4/69 (Japanese)

PVK

(1969) 1st Int. Conf.
Electrophot.
Rochester

K. Morimoto Jap.Pat. Zn0O in photoconducting
A. Inami 41-17,907 10/13/66 binder

K. Morimoto Applied Opties:Suppl. Poly-3, 6-dibromo-N-
Y. Murakami on Electrophot., 50 vinyl carbazole

V. S. Myl’nikov

Russ.Chem.Reviews
37 (1), (1968)

Polymer optical proper-
ties review

W. Neugebauer et al Brit.Pat. Triazole compound
836,148 11/26/63
W. Neugebauer et al Brit.Pat. Diarylimidazole

938,434 10/2/63

W. Neugebauer et al

USP 3,245,783 4/12/66

Amino compounds

K. Okamoto et al

Bull.Chem.Soc.Jap. 41,
2563 (1968)
(English)

Sensitized PVK

T. Prot
J. Jedrzejewski

Bull.Acad.Pol.Sci.,
Section Math.,
Astron., Physics 17,
319 (i1969) (English)

Acenaphthene formal-
dehyde resin and its
nitro derivatives

P. J. Regensburger

Photochem.Photobiol.
8, 429 (1968)

Injection from Se into

L. D. Rozenshtein et al

USSR Pat. 207,723

Electron acceptors in
polymers

H. Schlesinger

Ger.Appl.Pat.
1,110,007 3/18/59

1, 2, 5, 6-tetraazacyclo-
octatetraenes- (2, 4, 6,
8)

H. Schlesinger

USP 3,294,531 12/27/66

Photoconducting resins

H. Schlesinger

USP 3,130,046 4/21/64

1, 2, 4-triazine com-
pounds

(continued on next page)
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Table 1 (Contd.)
Author(s)/Inventor(s)

Reference(s)

ELECTROPHOTOGRAPHY

Material (s)

H. Schlesinger

USP 3,163,532 12/29/64

Metal complexes of aro-
matic cpds.

H. Schlesinger
J. Munder

USP 3,257,202 6/21/66

Photoconducting poly-
mers

James H. Sharp

Phot. Sci. & Eng. 11,
69 (1967)

N-isopropylcarbazole

M. D. Shattuck et al

Brit. Pat.
1,092,618 11/29/67

Activators for persis-
tent conductivity

M. Shattuck
U. Vahtra

Brit.Pat. 1,122,458
8/7/68 IBM

Vinyl heterocyclic com-
pound and 2, 4, 7-
trinitro-9-flourenone

I. Sidaravicius et al

Optiko-Mekh. Prom. 33
#527-30 (1966)

Acetylene polymeric
compounds

0. Sues et al

Ger.Pat. 1,137,625
10/4/62

Organic colloids with
photoconducting com-
compounds

O. Sues et al

USP 3,257,203 6/21/66

Triphenyl oxazoles

H. Tani et al

Jap.Pat. 41-18,467
10/24/66

1,1,6,-tetraphenylhexa-
triene

M. Tomanek

USP 3,290,146 12/6/66

Amine, acid anhydride
condensation prod-
ucts

M. Tomanek

USP 3,301,676 1/31/67

Sublimable photocon-
ducting compound

H. Tsukahara et al

J.Soc.Sci.Phot.Japan
29, 182 (1966)

Pyrazoline ring
compound

J. A. Van Allan

USP 3,250,615 5/10/66

IR sensitizers in photo-
conducting polymers

C. V. Wilson

Brit.Pat. 1,051,201
12/14/66

Leuco base in binder

C. V. Wilson

FrenchPat. 1,519,059
3/29/68 Kodak

Substituted 1,1,1-
triarylalkanes and
tetraarylmethanes

Belg.Pat. 636,038
12/2/63 Ferrania
SpA

Pyrazolines

Belg.Pat. 641,346
6/16/64 Kalle AG

Metallic resinates

Brit.Pat. 1,079,838
8/16/67

Phenylenediamine
compositions

Brit.Pat. 1,004,929
9/22/65 Kalle AG

1,3,4-thiadiazoles
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Table 1 (Contd.)
Author(s)/Inventor(s)

Material (s)

Brit.Pat. 1,075,626
7/12/67 1BM

Carbazole polymers

Brit.Pat. 1,146,142
3/19/69 Rank Xerox

Alkyl compounds

Brit.Pat. 1,062,935

Amino substituted

Kalle AG quinoxaline
Brit.Pat. 1,101,391 9:10-dimethylene
anthracene

Brit.Pat. 1,046,068
10/19/66

Substituted vinyl
carbazole polymer

Brit.Pat. 1,030,702
5/25/66 Kalle AG

3,3-bis (aminophenyl)
phthalide

Neth.Appl.Pat.
6,406,505 12/21/64

Condensation product
polymers

Neth.Appl.Pat. Phthalocyanine
6,507,664 12/16/65
Rank Xerox

Neth.Appl.Pat. Phthalocyanine

6,609,193 1/2/67
Rank Xerox

USP 3,331,687 7/18/67

Photoconducting ring
systems

Table 2—Miscellaneous Materials

Author(s)/Inventor(s) Reference(s) Material (s)

A. J. Behringer USP 3,238,150 3/1/66 CdS powder

L. Corrsin

D. W. Chapman Phot. Sci. & Eng. 11, ZnCdS for charge
F. J. Stryker 22 (1967) transfer

Yu Cherkasov et al

Zh. Nauch. . Prikl,
Fot. i. Kin. 12, 227
(1967) (Russian)

Sublimed CdS, CdSe,
Cd Te

K. Chino et al

Electrophot. (Japan) 7,
15 (1966)

CdS evaporated film

K. Makino
1. Sawato

Fr.Pat. 1,498,064
10/13/67 Fuji Photo-
Film Co.

CdS and CdCOs
coprecipitate
]

(continued on next page)
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Table 2 (Contd.)

Arthur E. Middleton USP 3,121,006 2/11/64 Various materials in
Donald C. Reynolds Xerox binders
USP 3,121,007
E. Mooster USP 3,265,532 6/6/62 Gallium Sulfide
H. O. Boelstarlii Amer. Cyan.
J. C. Schottmiller Fr.Pat. 1,601,511 PbO layer without
R. C. Walborn, Jr. 11/10/67 Rank Xerox binder
M. Smith J. Appl. Phys. 36, 3476 CdS in lucite binder
A. J. Behringer (1965)
C. Wood et al USP 3,469,978 9/30/69 III-V Compounds
Xerox
C. Wood et al Fr.Pat. 1,615,704 Fused oxide eleetro-
3/1/68 photographic plates

Fr.Pat. 1,511,172
1/26/68 Rank Xerox

Brit.Pat. 1,139,632 CdCOs
1/8/69 Fuji Photo-
Film Co.

The essential feature of dye sensitization is that the absorption of
light by a dye molecule or film in contact with a sensitizable solid pro-
duces the same sort of photoeffects observed when the solid itself ab-
sorbs light. For example, the absorption of 3,800 A light induces photo-
conduction, photovoltaic effects, and oxygen desorption in Zn0. Some
adsorbed organic dyes, absorbing light of a wavelength longer than
3,800 &, can induce these same effects in Zn0. The question is how the
absorption of a low-energy photon by the dye molecule can excite
photoeffects in a material that requires higher energy photons to dis-
play these photoeffects without the dye.

No detailed model or theory of dye sensitization exists, but two
general points of view on this problem are found. In the energy trans-
fer model, the light-absorbing dye molecule transfers its excitation
energy to some state in the sensitized solid which then releases a
charge carrier into its conduction (or valence) band. In charge trans-
fer, the light ionizes the dye molecule and a charge carrier is trans-
ferred directly from the dye to the conduction (or valence) band of
the solid. The latter process requires that the sum of the ground-state
energy level of the dye molecule in contact with the solid and the
excitation energy of the dye (the absorbed photon energy) be at or
above the proper carrier band (conduction band for electron excita-
tion). This requirement is illustrated in Fig. 18. Meier'® has reviewed
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dye sensitization and supports a modified charge transfer model, while
Terenin and Akimov'® argue for energy transfer. Measday'® has also
reviewed the subject.

1 1’
Ec
CONDUCTION BAND] o Ev
A— 1
A— Eqg |[-—8

VALENCE BAND

Fig. 18—Energy relations for dye sensitization. E, = valence band energy;
E. = conduction band energy; E, = forbidden gap. A and A’ are
ground and excited states respectively of dye which does not
sensitize according to charge transfer model. B dye will sensitize.

Energy levels of dyes on ZnO have been calculated.'® All sensi-
tizing dyes considered had an excited energy state above the ZnO con-
duction band edge which is about 4.3 eV below the vacuum level. The
excited states of the nonsensitizers were found to lie below the con-
duction band. This correspondence of sensitizing effect and energy
level position is a necessary condition for a charge-transfer process.
Akimov et al' have measured photoemission of electrons into vacuum
from dyed ZnO powder. Their interpretation of photoemission threshold
wavelengths indicates that the excited dye states were about 0.8 eV
below the ZnO conduction band. This would be strong evidence against
charge transfer and for energy transfer. In the calculation of the
energy levels, Akimov used 3.2 eV, obtained by photoemission from the
ZnO powder, for the ZnO conduction band edge energy. The correct
value is about 4.2 to 4.6 eV.!**'** Photoemission from powders is com-
plicated by the “patch effect” described in detail by Herring and
Nichols.*

Various aspects of the dye sensitization of ZnO suggest a charge
transfer process. Thin evaporated ZnO films show a decrease in dark
conductivity when a dye layer is applied to their surface from solution,
indicating that ZnO conduction electrons are localized by chemisorbed
dye molecules.®*

Various electron acceptor molecules (EAM) are found to increase
the dye sensitized photocurrent in ZnO powder layers with ohmic
contacts by up to two orders of magnitude.”™ A possible explanation of
this increase is that, in the sensitization process, the light excited dye
molecule injects an electron into the ZnO and remains in a positively
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charged state, or a neutral state if originally the dye is in a chemisorbed
negatively charged ground state. In the absence of the EAM, the dye
molecule will return to its ground state by capturing a conduction-band
electron. In the presence of an EAM, the dye may return to its ground
state by charge exchange with the EAM. The EAM will then capture
conduction band electrons, but with a lower capture cross section than
the excited dye molecule in the absence of the EAM. Thus, the carrier
lifetime is increased by the presence of an EAM and photocurrents
are enhanced. Note, however, that such a process will not lead to the
same degree of enhancement in electrophotographic operation, since the
surface charge forms a blocking contact and the dye generation
efficiency is near unity.'* Further evidence for the interaction of
excited dye molecules with charged states is the observation of oxygen
desorption from a dye-sensitized ZnO powder due to the excitation by
less than bandgap light.® In addition, there is evidence that photo-
excited dye molecules can act as electron recombination centers.?
Grossweiner has discussed various aspects of ZnO dye sensitization
in terms of an electron acceptor mechanism.*®

3.4 Reciprocity

If the receptor photosensitivity in terms of response versus incident
energy is independent of light intensity, the receptor is said to obey
reciprocity. The response then depends only on the product of intensity
and time. Thus, an exposure to one microwatt for one second produces
the same response as an exposure with one watt for one microsecond.

There has been some question of the reciprocity behavior of electro-
photographic materials, but recent work indicates that reciprocity is
obeyed for amorphous selenium, ZnO binder layers, and some organic
coatings for exposure times ranging from tens of seconds to micro-
seconds.’®* Microsecond exposure corresponds to carrier densities of
the order of 1020 to 1021/em3. At higher intensities, reciprocity failure
due to increased recombination would not be unexpected.

4, Development

Of equal importance to the optical response of the electrophotographic
layer is the development process for making the latent electrostatic
image visible. It is this step that gives the high gain or amplification
because of the ease of moving charged particles with electrostatic
forces. Without such a gain, electrophotographic reproduction would
not have achieved its dramatic commercial success.
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4.1 Basic Systems

In developing the latent electrostatic image, the source of the energy
for image development plays a significant role in determining the de-
velopment technique, gain or amplification, and image quality. The two
principle approaches for development of a latent electrical image depend
on whether the energy is stored in the electrostatic image or comes
from an external source. Various methods of image development of
photoconductors are listed in Fig. 4. Some development techniques that
are based on changes of conductivity and chemical reactivity of a photo-
conductor are also listed, since these may be combined with electro-
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Fig. 19—Equivalent circuits for development with external fields.

static image development. Fig. 19 shows the basic difference between
external field electrolytic development and internally stored energy
systems. For electrolytic systems, the toner resistivity must be low
with respect to the photoconductor resistivity. For electrostatic sys-
tems, the toner resistivity must be high to prevent lateral discharge of
the latent image. External field control in the latter case can be con-
trolled by special electrode and bias arrangements 214

The general approaches to the development of stored-energy electro-
static images in the most widely used commercial systems are the liquid
suspended toners for coated-paper systems and powder toners for trans-
fer systems, as shown in Fig. 20.
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4.2 Dry Powder Development

Historically, a one-component dry powder toner was the first technique
used for developing latent electrostatic images. Because the one-
component toners usually contain particles of both signs, a high back-
ground deposition occurs and consequently such systems are not ex-
tensively used commercially.”® A more effective way of handling powder
toners that has since been developed uses a carrier as a second com-
ponent. This provides more uniform toner particle charging and
simpler transportation of the toner to the latent electrostatic image.'**
The most widely used systems are the cascade and magnetic brush
techniques.

DIRECT
FiX
|
LIQUID | aeversaL
"ONE USE"
Puogogor;oucrons
PHOTOCONDUCTOR nO - RESIN
WITH ORGANIC DIRECT aw
ELECTROSTATIC
LATENT IMAGE REVERSAL
REUSABLE DIRECH I
PHOTOCONDUCTORS TRANSFER
Se REVERSAL

Fig. 20—Schematic diagram showing principle processes in cascade and air-
borne development.

The carrier particles for the cascade process are insulating particles,
while the carrier particles for the magnetic brush process are iron.
Both are from 200 to 500 um in diameter. The toner particles are be-
tween 5 and 25 um in diameter. Typically, there are as many as 3,000
toner particles per carrier particle.

The average charge per toner particle is most commonly determined
by a “blow-off”’ technique.®® For typical dry toners, the average charge
is between 5 and 20 u coulombs/gram of toner. In direct toning, the
reflection density is related to the electrostatic contrast—the difference
in potential between the image and background areas. Typical values
for these potentials are 650 V in image area and 50 V in background
area.

On a microscopic scale, the sign and magnitude of the toner charge
is determined by the triboelectric relationship between the tomner and
the carrier-particle surface composition,!®3%6 11818148 Mhae forceg hold-
ing the toner particle to the carrier particle are believed to be either
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van der Waals® or electrostatic.?»? In either case, under static condi-
tions, the toner—carrier mixture has very few, if any, free charged
particles. The free charged particle becomes available only from the
mechanical agitation occurring during the development process. The
detachment process is believed to be a combination of an impulse force
due to particle-to-particle collisions and a field-assisted detachment
force. The work on cascade systems suggests the observed phenomena
are in agreement with an electrostatic adhesion theory. Similar forces
are presumably acting in the magnetic brush development mode.

FORCE DEFINING F GUATION MAGNITUDE
Coulombic F = qé 5-10¢ dynes
Polarization F =2n¢ ad Ll AE? §-10°S dynes
P © K+2
1 o= X2 2iere atordia>>1 >6-107 dynes
mage 17 oy T 6reg y
Viscous f:' = Grnav Terminal velocity of
{Drag Force) 300 cm/sec in air.
Eq
=
6ana
Gravitational f‘g =mg 5-10"7 dynes
Particle: a = 10 um dia.
m=5-1010¢
q =75 1015 coulombs
K = dielectric constant = 3
n = viscosity

'Mlpled from References 16, 27, 139

Fig. 21—Forces on toner particle in powder development techniques.

The deposition process is the most complex and least understood
step in dry-toner development. To obtain a better understanding of the
physical processes involved, approximations of the magnitudes of the
forces on a toner particle during deposition are listed in Fig. 21.'%

In cascade development, the two principle mechanisms for the
separation and deposition of charged toner particles in the image are
contact’™ and airborne development'™® which are illustrated in Fig. 22.
Contact development refers to the detachment and subsequent deposi-
tion of toner particles that follow field lines essentially perpendicular
to the image. Higher toner deposition at potential discontinuities,
known as the edge effect, shows that the high electrical fields lead to a
higher probability for the field-assisted toner particle detachment.
Contact development enhances the edge of solid areas and narrow lines
and involves only toner-carrier combinations in the immediate vicinity
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of the discontinuity without a development electrode. This mechanism
is more pronounced with cascade than magnetic brush systems.

Airborne development refers to the deposition of charged toner
particles traveling some distance and not necessarily becoming detached
from the carrier directly over the image area. The principle forces
on a particle in airborne development are coulombic and viscous. When
airborne development is dominant, the deposition occurs toward the
center of a solid image area. This is a result of the larger volume
element from which the field near the center may influence detached
toner particles, as compared to the volume element available for con-
tact development as shown in Fig. 22.

AIRBORNE

== SCAVENGER
AIRBORNE
L DEVELOPMENT \
CONTACT
DEVELOPMENT

Fig. 22—Development by charged particles in stored energy systems.

A secondary phenomenon occurring is the scavenging of charged
toner particles from the background areas by a carrier-toner combina-
tion that has a high resistance and has become charged by loss of a
toner particle. This tends to reduce the background deposition.

Powder Developer Systems

The configuration of the cascade development system will affect the
vigible image and the relative role of the above development mechan-
isms. In general, the preferred mechanism is contact development. This
predominates with a development zone angle of =~60° in the open
cascade and by the use of a development electrode. The development
zone angle and toner flow control the distance between the carrier-toner
“bounces” and amount of toner in contact with the image area and
hence the ratio of airborne to contact development.
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The development electrode leads to improved image quality by in-
creasing the field strength in the center of extended areas and reducing
the role of potential gradients. Airborne development is reduced be-
cause the field lines at close spacing are nearly perpendicular to the
image. The improved image quality factors due to a development
electrode are higher density in large solid areas and a lower background
when biased. The minimum background is controlled by applying a
bias voltage to the development electrode to attract toner particles. A
typical bias potential is 150 V relative to the photoconductor substrate.

A detailed paper by Bickmore et al® describes the interrelationships
among flow rate, electroded versus nonelectroded development zone
angle, development time, and electrode spacing.

Due to the high electrical conductivity of the magnetic brush, the
development mode is principally by contact development with a closely
spaced development electrode. Also, the high conductivity in the brush
leads to easy application of electrical bias control in direct development
and permits reversal development with solid area fill-in.

Important points in the deposition process of dry powder toners
are charge buildup on carrier particles and charge transfer between
toner and the electrostatic image. Charge buildup on the carrier
particles must be prevented because this leads to a field opposing toner
deposition.

The nature of the bonding between the toner particle and the
electrostatic image plays a significant role in the image quality when
using toner transfer for the final copy. For the field-assisted transfer
step to be efficient, the bonding should be electrostatic with little charge
transfer to the photoconductor. The success of transfer systems, the
ability to redevelop an electrostatic image after transfer, and the
interpretation of particle adhesion strongly support a model based on
electrostatic forces with little charge neutralization by charge transfer.

Transfer

In electrophotographic systems with a reusable photoconductor, the
final copy is prepared by transferring the foner to paper.'*?"*® The
image may be transferred by electrostatic or mechanical adhesion or
by adsorption forces. The most widely used method is by electrostatic
transfer as illustrated in Fig. 23.

Mechanical transfer is accomplished by contacting the toned image
with a pressure sensitive tape to which the toner adheres. Several
variations based on special toner and adhesive properties of the
pressure sensitive tape have been reported. The resolution is claimed
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to be greater than 100 line pairs/mm and is recommended for micro-
imaging or continuous-tone electrophotography.

In adsorption transfer, the image is developed with dye particles or
a dyed toner. The image is transferred to a layer which has been
moistened with a solvent for the dye. This technique may lead to low
resolution due to dye bleeding.

PHOTO~ {a) PHOTOCONDUCTOR WITH
CONDUCTOR TONER PARTICLES HELD
—_—

BY ELECTROSTATIC FORCES

AU
®0 0000

(b) PAPER PLACED IN CONTACT
WITH TONED PHOTOCONDUCTOR

AN NN
0000600
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©|+CORONA
e {¢) PAPER CHARGED WITH
el CORONA OF POLARITY
»o|+ OPPOSITE THAT OF TONER
af+ TO CAUSE TRANSFER

{d) PAPER REMOVED WITH
ADHERED TONER
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Fig. 23—Toner transfer by electrostatic mode.
Fixing

The fixing of dry toners in most electrophotographic systems is by
the application of heat to soften the toner particle. Flash fusing has
been considered because it has the advantage in that light is absorbed
principally by the colored toner particle and does not heat the paper.
Variations in toner composition, binders in single-use photoconductors,
and solvent liquid or vapor wetting of toner or paper have been reported
for fixing.'e " 13®

4.3 Liquid Development

Liquid development is the most widely used method for developing
latent electrostatic images on single-use photoconductors because liquid
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Fig. 24—Liquid toner direct development mechanisms.

toners can be self-fixing and the machine can be simple in design.
Liquid toning has come to mean development techniques that are based
on the electrophoretic deposition of particles or pigments from insulat-
ing liquids. The basic mechanisms are illustrated in Figs. 24 and 25.
At present, liquid toners are only applicable to single-use photocon-
ductors; the transfer of liquid toned images has not been demonstrated
on a practical basis.
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Fig. 25—Liquid toner reversal development mechanisms.
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Liquid Toner Composition

A liquid toner consists of

(1)

(2)

3)

(4)

(5)

(6)

An insulating liquid carrier or vehicle that prevents discharge of
the latent charge image. The lower limit on resistivity provided
by the self-ionization of the carrier and the nonimaging current
carriers is between 10° and 10'° ohm-em. The resistivity restric-
tion and the requirements of low toxicity and reasonably high
flash points have restricted the choices for carrier fluids to a few
aliphatic hydrocarbons. Certain fluorocarbons and silicones have
also been considered. The liquids should also have a low dielectric

constant to permit a low charge per particle for a given mobil-
ity.27.51.52.112.113.139

The toner particles, which may have a positive or negative charge
and a diameter of 0.1 to 40 pm.

A chemical component that charges the toner particle by dissocia-
tion. Charge neutrality in the suspension is provided by soluble
counter ions.

Charge control resins which coat the toner particle and alter its
surface properties to aid in the charging process by providing a
more suitable chemical or steric environment.'*

Fixing resins, which may be in solution or adsorbed on the toner
particles, to provide self-fixing of the toner to the substrate upon
drying. These resins may serve as the charge control resins or
may be electrically inert.!*

Other components may be used for dispersion of the pigments,
e.g., organic titanates. The charge control and fixing resins may
also perform this function. Tinting dyes are sometimes added to
alter the color of the toner particle.'®®

Charging Mechanism

In contrast to dry toners, the liquid suspended toner particles acquire
their charge from a chemical dissociation reaction on the toner particle
surface and the solubilization of a charged species in the carrier to
form the counter ion. Although the literature on ionization mechanisms
in low dielectric liquids is relatively sparse, some trends that may aid
in understanding toner charging mechanisms are known,3 3336 90.92,103,131
The principle charging mechanisms are

(1

Specific adsorption, usually of a metal cation.® -1
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(2) Acid-base reaction between particle surface and counter ion.*'”
(3) Ionization of a charge-transfer complex.'*'"

The specific adsorption mechanism is best illustrated by the oil-
soluble metal soaps as follows

2MX + TMX - [TM MX]+ 4+ X—-MX

where TMX is a toner particle with adsorbed MX molecules, MX is an
undissociated metal soap in solution, [TM MX}+ is a charged toner
particle with undissociated MX molecules adsorbed on the toner surface
and X—MX is a counter ion with a micelle structure. For a typical
toner particle, the number of undissociated MX molecules will be
several orders of magnitude greater than the number of free charges.
Conductivity studies on metal soaps in nonpolar solvents indicate that
the number of free charges per micelle may be as low as one. The
number of MX per micelle is a function of the metal cation,™®
water™® % i the micelle and solvent, and solubility of the nonpolar
part of the anion in the solvent.’*** Typical micelles contain between
5 and 75 molecules. The addition of certain resins has been shown to
enhance the ionization of the metal soaps and make the mechanisms
more reproducible with carbon pigments.'®

The acid-base mechanism in its simplest form is the removal of a
hydrogen ion from an acidic pigment particle by a solvent-soluble base
as follows

TH+ RB=T- 4+ RBH+

where TeH is an acidic toner particle, RB is solvent-soluble base, T—
is a negatively charged toner particle, and RBH+ is the positively
charged counter ion. The acidic properties of the toner particle may
be due to acidic groups on its surface, e.g.,, —COOH on carbon particles
or adsorbed charge-control resins with acid groups. Examples of the
solvent-soluble bases are the overbased metal alkyl sulfonates (oil
soluble micelles of metal alkyl sulfonates with excess metal hydroxide
or carbonate solubilized) and oil soluble polymeric amines.®'* As with
the MX charging mechanism, the addition of certain resins will en-
hance and stabilize the charging mechanism.

The above two mechanisms do not explain a number of liquid toners
reported in the literature. The best explanation is probably through
a generalized acid-base theory including the concept of ionization of
charge-transfer complexes.’ The most applicable work to date is the
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role of solvent polarity in particle charging'® and the application of
the Pearson acid-base theory to micelle formation.*

The charge stability of the toner is determined by the thermo-
dynamics of the charging reactions and any competing reactions. The
particle charge can be altered through concentration changes and the
introduction of impurities capable of competing in the charging re-
action. The role of water in nonaqueous suspensions is not known.'®
In addition, the high fields associated with electrostatic images may
cause desorption of the charge species from the particle surface.
Qualitative support for the importance of these factors is that, during
electrodeposition of carbon particles from certain toners, some particles
first approach the electrode and then reverse direction without striking
the electrode®

ELECTROSTATIC
REPULSION

)

INTERACTION
ENERGY

/.\ /
=
\/ LONDON ATTRACTION

Fig. 26—DLVO theory of colloid stability.

INTERACTION ENERGY
o

The stability of colloids with respect to flocculation is determined
by the interaction of the repulsive and attractive forces between parti-
cles. The attractive force that causes flocculation is a consequence of
London—van der Waals forces. The forces providing long-term stability
can result from electrostatic repulsion of the charged particles and/or
steric hindrance due to adsorbed large molecules.

The electrostatic theory of repulsion is by Derjaguin-Landau-
Vervey—Overbeek (DLVOQ) 1912164 The significant features of the
DLVO theory for colloidal suspension are shown in Fig. 26, which
shows how the London attraction and Coulombic repulsion forces inter-
act to give conditions leading to flocculation or stable suspension. The
significant points determining stability are the potential energy barrier
V.., the secondary minimum for particle attraction V,,, and the role
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of particle size. A potential energy barrier of 10 to 15 kT is believed
sufficient to prevent rapid flocculation into the primary minimum.
Another type of flocculation can occur when V,,, > kT. These flocs con-
tain a liquid film between the particles and can be readily dispersed.
Since Vyxa and V,xa? V,, increases with increasing particle size;
hence electrical stabilization should be more effective on large particles.

The other major mechanism providing an energy barrier to floccula-
tion is steric repulsion.!®'”® The basic mechanism involves the adsorp-
tion on the particle surface of lyophilic groups which extend a reason-
able distance into the solvent. The interaction of these chains prevents
the close approach required for flocculation. The energy barrier created
has been attributed to a loss of configurational entropy on close ap-
proach. One of the first good experimental demonstrations of this
mechanism was for carbon in various hydrocarbon media with absorbed
alkylated aromatic molecules, e.g., tetradecyl naphthalene. Steric re-
pulsion probably occurs for many liquid toners.

Transport Mechanisms

The transport of particles to the charged surface prior to deposition,
i.e., to within range of the forces at the paper surface, occurs by three
principal mechanisms.

(1) In electrophoretic attraction of charged particles of opposite sign,

the force is described by the equation F= ql:I", where F' is the
force, q is the particle charge, and E is the electric field.

(2) Dielectrophoretic attraction of polarizable uncharged particles
with higher dipole moments than the solvent in nonuniform fields.

(3) Diffusion resulting from the toner concentration gradient at the
interface.

The forces on a particle undergoing electrophoretic transport to
the deposition site in the low dielectric constant carriers are electro-
static and viscous drag. Frequently, experimental mobilities are used
to calculate the zeta potential. The various correction factor used
in calculating the zeta potential and particle charge are beyond the
scope of this paper.” The electrophoretic mobility is a critical factor
in the development time because it determines the rate at which
particles are brought to the deposition site. A list of zeta potentials
and electrophoretic mobilities of several typical particles in low di-
electric constant solvents and toners are listed in Fig. 27. The charge
per toner particle when extrapolated to a 1 um diameter is between
300 and 1,100 elemental charges. Experimental measurements give a
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value of about 500 charges per 1-um-diameter particle*” which is close
to that reported for powder toner particles.

Dielectric transport is the result of the force due to a divergent
field on polar particles or particles with an induced dipole.”® Both
powder and liquid toners can be moved by these forces. An 73 term in
the force equation becomes important for particles with diameters over
0.4 pm and an E? term becomes a factor over 100 V/cm. Dielectro-
phoretic forces can also occur from the image forces on a charged
particle near a polarizable surface. Since typical aliphatic solvents have

2ETA
MOBILITY (x105)  POTENTIAL'

PARTICLE SOLVENT DISPERSANT em2/V-sec mr MEFERENCE
FeZOJ Xylene Aerosol OT 1.43 68 91
AIZOJ Xylene Span 40 0.7 33 91
Carbon n-heptane  Aerosof OF 102 19-56 99
Carbon Benzene Mg, Ca, Ba 0.7t 1.6 30-68

diactyl

sulphosuccinates
Commercial Isopar G =1t 1.2 15-19 102
Direct
Carbon Freon TF  Cooper Naphenate 1t0 1.2 30-37 102
Peerless 1567 Zirconium Octoate
Carbon Freon TF  OLOA-1200° 0.8t 1.0 24-30 102

1 Calculated from { = 6mnule, where 1; is viscosity, u is mobility and € is dielectric constant.
2Cotumbnen Carbon Co.
3Chevron Chemical Co.

Fig. 27—Particle mobilities in selected solvents.

very low dielectric constants, it should be expected that most organosol
particles could be affected by dielectrophoretic forces. In liquid de-
velopment, dielectrophoretic forces may act to concentrate the suspended
particles in areas of high and divergent fields and, thus, may con-
tribute to edge effects and background. These movements of particles
to points of high electric fields and formation of deposits are well-
known in electric breakdown phenomena in insulating fluids.

Deposition Mechanisms

In the development of a physical model of the deposition process, key
points are the role of Debye shielding, the nature of the force over-
coming the electrostatic repulsion of the charged particles, and the
charge transfer step at the interface. It should be noted that the Debye
length, particle-to-particle separation, and dielectric relaxation are local
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parameters and during the course of the deposition these parameters
will change.*® The smallest particle diameter for which every toner
particle will have a charge is approximately 20 mu. This can be shown
to be a practical limit based on the toner resistivity for usable toner
concentrations. The question of this being the smallest particle diam-
eter that can have a unit charge is not established in theory.3* 41
Analytic treatments for direct development have considered the
cases in which Debye shielding™® was neglected and in which com-

plete Debye shielding occurred. The former case leads to development.
times dependent on the mobilities of the charged species that approxi--
mate the dielectric relaxation time. The latter leads to a development.
time dependent on the concentration gradient and toner diffusion con--

stant at the interface. Estimates between 100 and 200 seconds can be
made with typical direct toners for a diffusion limited process.”® The
experimental results on direct toners suggest the development is ini-
tially mobility limited, followed by a diffusion-limited stage. The role
of the photoconductor discharge on development rate has been con-
sidered.»?

For reversal development, the development of discharged areas with
toners having the same sign as the surface charge, several more factors
must be considered in the deposition step. These are the decay of the
surface charge needed to prevent toner deposition in the background,
control of voltage variations in background regions, and ability of the
toner to inject charge into the layer.,™ %1 Ag noted above, the decay
rate of the surface voltage determines the development time and image
density. An electrical equivalent circuit for reversal development in-
cluding these effects has been described.”™ On a local basis, any voltage
variations in the background regions will give rise to local cell systems
leading to a high background. This can be controlled by use of more
uniform coatings, reversal toners with high threshold voltages, and
toner particle size larger than the microdefects in the layer.® %1 The.
background optical density can be as high as 0.25 for a toner with a:
threshold voltage below 1 volt/em and a particle size less than 1 e
while for a toner with a threshold voltage greater than 50 V/em and a
particle size greater than 5 um, the background optical density is less
than 0.03.®

The deposition mechanism in liquid development has several simi-
larities to electrophoretic deposition from nonaqueous media. Both the
anodic and cathodic reactions must be considered. A comparison of the
electrode reaction in direct and reversal development to electrophoretic
deposition on a conducting substrate is given in Figs. 24 and 25. The
following are some points to note:
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(1) Reversal development with a bias electrode is the only complete
analog of electrophoretic deposition.

(2) The assumption that toner deposition on a free charge on an in-
sulator is the same as electrophoretic deposition on a conducting
substrate is reasonable but not fully validated.

(3) Direct and reversal development without a bias electrode or ground
plane are analogous if one assumes the counter ions behave as
particles instead of discrete ions.

(4) The relative areas and fields above the electrostatic image play a
significant role in development time, image quality, and solid-area
fill-in. A knowledge of the kinetics of the individual electrode re-
actions is particularly important to prevent excessive polarization
of an electrode reaction.

(5) The use of a ground plane in direct development provides a more
uniform field and a less polarizable site for counter ion deposition.
Both factors lead to solid-area development and shorter develop-
ment times. Development electrodes are difficult to use, however,
since toner buildup distorts the electrostatic image fields.

The role of the high fields on toner stability has been mentioned.
Several theories for electrophoretic deposition have been proposed,
none entirely satisfactory. A key point in each of the theories is the
nature of the force overcoming the electrostatic repulsion of the charged
particles as they approach and accumulate on the surface. There are
two principal theories:

(1) Accumulation theory*—This is an electrical analogue of a sedi-
mendation mechanism.

(2) Flocculation theory”—The principal feature of this mechanism is
a local buildup of ions at the electrode surface to cause flocculation.

The principal feature of the accumulation theory is that the electric
field overcomes the repulsion forces between the particles and permits
the particles to agglomerate. This is, in effect, the forcing of the
toner particles over the energy barrier in Fig. 26. Agglomeration can
occur in a layer adjacent to the electrode if there can be direct deposi-
tion on the surface. The buildup of particle layers until the force is
sufficient to cause adherence is similar to sedimentation. This theory
predicts a dependence on deposition rate, applied voltage, and a critical
time for inifiation of deposition. A critical time has been noted in a
number of references and they tend to support an agglomeration prior
to deposition.”** The factors affecting the “critical time” are net well-
known. The threshold voltage required to initiate the deposition of
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certain liquid toners is probably related to this phenomenon and ap-
parently involves a critical field required to overcome the stabilizing
repulsion forces.

The flocculation of colloids can be caused by increasing ion concen-
tration which causes a reduction in size of the ionic atmosphere around
the particles. This permits a closer approach of the particles. The
flocculation mechanism is based on this buildup of ions formed locally
at the electrode interface. In view of the high fields involved, field-
assisted dissociation as a means of altering the toner environment can-
not be ruled out.

5. Imaging Properties

The optical properties of electrophotographs can be described using
techniques similar to those of wet chemical photography. The voltage
drop per unit of exposure can be measured. A typical discharge curve
is shown in Fig. 28. This is a unique property of electrophotographic
systems where, unlike silver systems, the latent image can be measured
before development. The amount of toner deposited per unit of voltage
is shown in Fig. 28. The amount of toner is measured by its reflection
optical density given by the logarithm of the ratio of light reflected
from untoned areas to that reflected from the toned area. Finally, an
H and D or response curve, can be constructed as shown in Fig. 28,
representing image optical density versus exposure.

The S shaped photoresponse curve in Fig. 28 is typical for most
electrophotographic systems. On the log exposure plot, there is an
initial slow drop in voltage followed by a rapid fall. When the voltage
has dropped to a low value, there is a long tail. A rapid drop in
voltage and a nonlinear deposition of toner produces a contrasty image.
Since high contrast is desirable in reproducing line drawings or office
documents, this lack of continuous-tone is an advantage. To obtain good
continuous-tone reproduction requires special coatings, photoconductors,
and/or development systems.

The optical density of the electrophotographic copy depends on the
toner. Powder development systems where a large mass of toner can
be fused to the paper will give reflection optical densities of 1.4 to 1.6.
Liquid systems where the excess toner and vehicle are removed by
squeegeeing will typically give lower optical densities of 1.0 to 1.2.

Edge development, the lack of toner deposition in the middle of large
solid areas, occurs because the high fields existing at the charge pattern
discontinuity can attract toner faster than the lower fields in large
areas. This may be overcome by breaking the large solid areas into
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small subliminal dots by screening or by using special development
electrodes.

Untoned spots in black areas or toned spots in white areas con-
tribute to background and poor image quality. They are generally due
to local breakdown of the electrophotographic layer or to layer defects.
Powder toning tends to mask the white holes in a black background
because the toner flows during the fixing step. Liquid toners, with their
much higher resolution, show up these defects.
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Fig. 28—Four-quadrant chart relating the various steps of the Xerographic
process to show relationship of plate-to-print tonal characteristics
for powder cloud development of Se plate (from Ref. [27]).

The resolution of the latent electrostatic image is generally limited
by the exposure optics. If the image is developed with a two-component
powder toner, the toner particle size will limit image resolution to
about 10 line pairs per mm. With a one-component powder cloud de-
veloper, higher resolutions have been obtained. Liquid toners, with
their much smaller size, can produce very high resolution. Images have
been made by contact exposure giving 500 lines per mm for liquid de-
velopment.
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6. Applications

6.1 Office Copying

The most important application of electrophotography has been in the
convenience or office copy field. In the past decade, this market has
grown from a few million dollars to over a billion dollars a year in 1970.
In 1960, about 3 million office copies were made primarily using chemical
or thermal photographic techniques. In 1970, over 50 billion copies
were made by electrophotography.

The use of the dry-powder-toner transfer system is expected to
continue its present growth rate and to continue to be the major office
copying technology. The most commonly used photosensitive material
for this approach is selenium. Other photosensitive materials are also
being used, such as a flexible web zinc oxide-binder master, other
pigment-binder photoconductors, and organic photoconducting layers.

The direct Electrofax reproduction system nsing a zine oxide-binder
coating on paper comprises the other major copying technology. Al-
though the coated paper has a different “feel” than ordinary bond, im-
proved aesthetics have come through the development of improved base
stock and coating methods, and these advances can be expected to
continue. Both liquid and powder toners are used with the coated
paper with liquid systems being the most popular.

6.2 Microfilm Printout

A major application of electrophotography is the production of full size,
hard copy from microfilm. Direct imaging, toner transfer, and charge
transfer systems are used or have been demonstrated. In this applica-
tion, there is generally more light available than in copying opaque
documents so that the restrictions on light sensitivity of photosensitive
material can be relaxed.

A complication in this application arises from the fact that both
positive and negative microfilm are used. The electrophotographic
systems can handle this by changing from direct to reversal toner to
produce a positive print irrespective of the sense of the original. This
advantage is unique for electrophotography. Changing toner is not a
trivial matter, however, and must generally be done by a serviceman.
Certain types of insulating photoconductors can be charged positively

or negatively, which also permits positive printing irrespective of the
sense of the original.
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6.3 Nonimpact Computer Printing

Although office copying has been the major user of electrophetogra-
phy in the past decade, the growing use of computers where the in-
formation is in electronic form may lead to electrophotographic output
printing. Today, most computer output is by impact printers varying
in speed from the 10 character per second electric typewriter terminal
to the 20 line per second high speed, multiple copy, chain or drum
printer. These machines are noisy, limited in font flexibility, and have
no graphic capability. A non-impact electrophotographic printer could
solve many of the computer output printing problems.

There are a number of ways of building all electronic non-impact
printers. Since the information is in electrical form, it would appear
sensible to go directly to some type of purely electrical printing system.
Such systems exist. They use pins or probes to charge insulating,
coated paper. An electrostatic charge image is formed and toned in the
conventional manner used in office copiers. The difficulties of such
systems are the need to program and pulse many separate probes whose
size and number is determined by the desired resolution of the image.
The probes may be charged with an electron beam in a special cathode-
ray tube having a line or matrix of insulating pins sealed into the
faceplate. When the charge on the pins exceeds air breakdown, there
is an electrical discharge between the external end of the pin and the
insulating paper, producing an electrostatic latent image. Alternately,
insulated pins can be switched at voltages of the order of 600 to 800 V
which is enough to cause breakdown. These systems suffer from limited
resolution due to the discrete size of the pins and from the cost of the
high-voltage switching circuits. Finally, the printout is on coated paper
which, while it is not photoconductive, still requires costly coating
steps and is considerably more expensive than ordinary paper.

Optical systems using electrophotographic paper have several ad-
vantages for non-impact printers. The manufacture of phosphor-face-
plate cathode-ray tubes is a mature technology. The tubes are cheap
and readily available. Both lens systems to image the phosphor onto
the photosensitive paper or lensless systems using fibre optic or thin-
window faceplates are available. The resolution is determined by the
electron-beam diameter. Separate forms flashing adds another dimen-
sion of flexibility. If coated paper is too expensive for high-volume
applications, transfer processes are possible using a flexible web-master
or a drum as in the office copiers.

6.4 Facsimile
Facsimile, defined here as the technique of creating an image line-by-
line rather than character-by-character, is an old art. The printout
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systems currently used are primarily electrolytic or impact on carbon
ribbon. For telephone line speeds, these are adequate. For systems re-
quiring higher writing speeds such as television multiplexed home
facsimile, bandwidth compression systems with nonsynchronous line
writing, and wide-bandwidth communication channels, electrophoto-
graphic systems can be used. Already several have been demonstrated
and others described in the literature.

6.5 Color

Electrophotographic principles can be used to produce color pictures
by sequentially imaging each color on the photosensive layer and de-
positing the appropriate color toner after each exposure. This technique
has been used to make multicolor maps from 70 mm separation trans-
parencies and is also used commercially for proofing photographic color
separations before making printing plates. Research and development
is now under way to use electrophotographic systems to make color
pictures from slide transparencies. The main drawback is the time
required to carry out the multiple steps of exposing and toning for each
color. To overcome this drawback, systems have been described that
use photoconducting toner particles to produce color images from a
single exposure using electrostatic techniques.

6.6 Printing

Although the major impact of electrophotography has been in conven-
ience copying and low-volume duplicating, there is a continuing effort
to find ways to penetrate the 20 billion dollar printing industry. The
transient masters with latent electrostatic images are limited to a few
copies and charging and re-imaging are needed to produce large volumes
of copy. On the other hand, it is possible to make a conventional
printing plate electrophotographically. Such a system would be much
faster than the presently used optical plate-making methods and, in
the long run, may be much cheaper. These plates have the advantage
that they may be directly coupled with the computer that is being
used for page composition.

Offset electrophotographic plates for duplicating that are capable
of several thousands of copies are now on the market. They presently
use powder toners that limit their resolution fo the point where they
are only marginal in reproducing high-quality screened pictures, but
high resolution liquid toning can be expected to overcome this lim-
itation.

Letter-press or deep-etch plates have been made with Electrofax
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layers on metal where the toner acts to cross-link the ZnO-binder coat-
ing. The untoned areas are washed away and the coating acts then as
a resist for etching the printing pattern. This is of limited optical
quality because of the use of powder toner, but development of im-
proved high resolution liquid toners may eliminate this bottleneck.

7. Conclusions

Commercial electrophotography is only a decade old and in this
short time has developed into a billion dollar business. The major use
is in the office copying field but, with the information explosion pre-
dicted for the next decade, it is expected that electrophotography will
play an even more important role in information dissemination. Soft
displays such as the familiar cathode-ray tube and the microfilm reader
will be used to present information to the consumer, but the printed
word, the piece of paper, will still be his major source of reading.
Electrophotography is expected to be one of the major means for
producing this hard copy.
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G. E. Anderson Kinescope Bias Arrangement to Provide B3 h Constant Amplitude D.C.
Restoration Pulses and Arc Discharge 'Protection (3,647,944

H. Ball and H. L. Peterson Automatic Beam Focusing System (3,647,952)

D. lb‘ll1 Baugher and E. T. Hausman Multi-Circuit Hybrid Modile and Method for Making
(3,648,116)

H. R. Beelitz Gated Amplifier (3,651,421)

E. J. Boleky, Ill and J. R. Burns Fabrication of Semiconducscr Devices (3,646,666)

R. J. Butler Color Phaser for Television Video Signals (3,647,965)

L. J. Byers and J. M. Keeth Dual Loop Receiver Tunirc and Frequency Tracking
System (3,652,938)

D. J. Carlson Electronically Tuned Ultra High Frequency Television Tuner (3,649,937)
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(Aéi F. Dingwall Apparatus for Increasing the Speed of Series Connected Transistors
3,651,342)
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G. H. Heilmeier and J. E. Goldmacher Liquid Crystal Light Valve Containing a Mixture
of Nematic and Cholesteric Materials in Which the Light Scattering Effect is Reduced
when an Electric Field is Applied (3,650,603)
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R. I. Klein and S. Caplan Liquid Crystal Display Device (3,647,280)

I. Ladany Liguid Phase Double Epitaxial Process for Manufacturing Light Emitting
Gallium Phosphide Devices (3,647,579)

A. L. Limberg Electrical Circuit Providing Multiple Vy, Bias Voltages (3,651,346)

A. L. Limberg Signal Translating Stage Providing Direct Voltage Translatior indepen-
dent of Supplied Operating Potential (3,651,347)

A. L. Limberg Electrically Controlled Attenuation and Phase Shift Circuitry (3,649,847)
H. Notarius Dark Fosterite Ceramic Composition (3,649,309)

D. W. Peterson Combined VHF-UHF Dipole Antenna Array (3,653,056)

D. R. Purdy and W. E. Donnelly Fluid Cooled Apparatus for Testing Power Semicon-
ductor Devices (3,648,167)

E. C. Ross Voltage Translation Circuit for MNOS Memory Array (3,649,848)

W. W. Siekanowicz Microwave Limiter that Suppresses Leading Edge Spike of Radio
Frequency Signal (3,648,197)

B. K. Smith Process for Coating Flatlike Surfaces (3,652,323)

R. K. Waltner High Voltage Hold-Down Circuit (3,649,901)

J. P. Watson Multi-Electronic Transducer Element (3,648,279)

C. P. Wen Symmetrical Trough Waveguide Antenna Array (3,653,054)

E. J. Wittmann Synchronous Detector Control (3,651,418)
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